Conserving Antarctic biodiversity in the Anthropocene by Lee, Jasmine
  
 
Conserving Antarctic biodiversity in the Anthropocene 
 
 
 
Jasmine Lee 
 
 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2018 
School of Biological Sciences 
Centre for Biodiversity and Conservation Science 
 
ii 
 
Abstract 
 
Anthropogenic activity threatens biodiversity worldwide, with the species and ecosystems of 
even the most remote and largest remaining wilderness at risk. In Antarctica, human activity 
is growing, barriers to invasive species establishment are being lowered, pollution is 
pervasive, and climate change directly and indirectly threatens taxa across the region. This 
has the potential to impact some of the world’s most unusual, isolated, and highly-adapted 
species. Evolving in isolation for long periods, a number of specialised lower plants and 
invertebrates dominate Antarctic ecosystems, with mosses, lichens, microbes, arthropods 
and soil microfauna present across the continent. Seals and seabirds breed in coastal 
regions and two flowering plants survive in the milder conditions of the Antarctic Peninsula. 
In this thesis I provide crucial impact assessments for some of the key processes threatening 
Antarctic biodiversity, and produce the first inclusive, continent-wide prioritisation of 
management strategies for conserving Antarctic biodiversity in the face of multiple threats, 
which will help to inform decision makers in identifying cost-effective conservation strategies. 
 
The vast majority of Antarctic life survives only in the less than 1% of the Antarctic continent 
that is permanently ice-free, where soils and rocks areas emerge as nunataks, dry valleys, 
cliffs, fellfields, and coastal oases. Despite being crucial habitat, we have limited 
understanding of how ice-free areas will be impacted by climate change. In Chapter 2 I use 
temperature-index melt modelling to determine the potential impacts of climate change on 
Antarctic biodiversity habitat. I found the distribution and extent of ice-free areas may rapidly 
change in the future, with up to 25% more ice-free area potentially available by the end of 
the century. The increasing habitat availability and increasing connectivity is likely to benefit 
some native taxa, yet will also provide opportunities to non-native species, who pose one of 
the greatest threats to Antarctic biodiversity. Spread of both native and non-native species 
into isolated regions could result in increased genetic homogenisation and reduced diversity. 
 
The milder coastal ice-free areas are home to great numbers of Antarctic taxa, as well as 
most sites of human activity, taking the form of scientific research facilities and tourist landing 
sites. Many of these low-lying sites may be impacted by sea-level change, yet there have 
been no comprehensive assessments of potential impacts for the Antarctic continent. In 
Chapter 3 I use three sea-level rise (0.5 m, 1 m, 2 m) and two sea-level fall (0.5 m, 1 m) 
scenarios to consider potential impacts of sea-level change on Antarctic biodiversity and 
human activity. I found sea-level rise could inundate prime coastal ice-free area, placing 
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numerous research facilities, tourist landing sites, breeding penguin colonies and 
biodiversity hotspots at risk. Sea-level fall could further expose new ice-free areas and 
increase the distance to the coast for biodiversity and human activity. The consequent 
movement of humans and biodiversity could result in human-biodiversity conflict as 
competition for space increases beyond current levels. High-resolution, regional 
assessments are urgently needed for key at-risk sites across the continent to facilitate 
inclusion of conservation priorities in management plans.  
 
Antarctic tourism emerged in the 1950s and has grown steadily ever since. It is predicted 
that visitor numbers will continue to increase, and concerns have arisen over the potential 
environmental impacts of the industry. In Chapter 4 I assemble long term tourist records 
from the International Association of Antarctica Tour Operators and use them to analyse 
trends across the continent. I then make projections for changes in tourist landing site 
distribution and intensity under future climate, providing the first quantitative assessment of 
how the Antarctic tourist industry may change into the future. I found the intensity of landing 
sites in the Antarctic Peninsula may increase substantially and that new suitable sites may 
emerge around the rarely-visited and more isolated coast of East Antarctica. Increasing 
visitation to remote regions will provide new opportunities for non-native species transfer 
and greater numbers of sites will lead to increased likelihood of human impact on the 
environment beyond minor or transitory effects. 
 
With the growing number and intensity of threats predicted for Antarctic biodiversity into the 
future it is essential that policymakers have access to evidence-based conservation 
strategies. In Chapter 5 I use a decision support framework, based on expert elicitation, to 
prioritise conservation actions for terrestrial Antarctic biodiversity across the entire continent 
and produce the first threat-targeted, inclusive conservation plan. I found that influencing 
global policy to mitigate climate change would provide the greatest benefit to Antarctic 
biodiversity, followed by managing non-native species and managing and protecting 
individual species. Cost-benefit analysis further revealed that influencing global policy, 
modifying human behaviour on the ground, and managing transportation were highly cost-
effective and require greater representation in the policy forum. 
 
Together these chapters form some of the first continental assessments of threats to 
terrestrial Antarctic biodiversity and culminate in the first cost-effective prioritisation of 
conservation strategies at the continental scale.  
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Chapter 1 | Introduction 
 
“The Parties commit themselves to the comprehensive protection of the Antarctic 
environment and dependent and associated ecosystems and hereby designate 
Antarctica as a natural reserve, devoted to peace and science.” Article 2, The 
Environment Protocol 1991 
 
Antarctica, one of the Earth’s last great wildernesses is widely regarded as pristine, 
remote, untouched and safe. Yet we live in the Anthropocene, this epoch of human 
influence on global climate and environment (Crutzen 2002; Steffen et al. 2007). 
Wilderness is disappearing at an unprecedented rate (Watson et al. 2016; Jones et al. 
2018), mean global temperature has risen more than 0.8 degrees since 1880 (IPCC 
2013), and the increasing anthropogenic pressure on global biodiversity has resulted 
in a 6th mass extinction event (Barnosky et al. 2011; Ceballos et al. 2015). Whilst the 
impacts are not evenly distributed across the planet, Antarctica and its contingent 
biodiversity are not as safe as many believe. In this PhD I assess the magnitude and 
impact of some of the major threats to terrestrial Antarctic biodiversity and environment 
and build an inclusive, continent-wide conservation plan for managing Antarctic 
biodiversity in this time of unparalleled change. 
 
Life finds a way 
 
Largely covered in ice, and twice the size of Australia, Antarctica is the coldest, highest 
and windiest continent on earth (Turner et al. 2009; Convey 2011). Average seasonal 
temperatures range from less than -70°C during winter on the Antarctic plateau to over 
0.8°C during a coastal summer (Meyer et al. 2016). The lowest recorded temperature 
is -89.2°C (at Vostok station; Turner et al. 2009). Receiving only around 5 cm water 
equivalent per year of precipitation (King & Turner 1997), Antarctica is also the driest 
continent on earth, a polar desert (Turner et al. 2009). Yet, despite the extremes, 
Antarctica hosts a plethora of unique and highly-adapted species.  
 
Many Antarctic species have flexible life histories, allowing them to survive at a variety 
of environmental extremes (Convey 1996; Chown & Convey 2007; Cavieres et al. 
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2016). Many taxa show one or more features from a consistent suite of survival 
strategies, including the ability to switch metabolism on or off in response to specific 
conditions, the ability to maintain metabolic processes or photosynthesise at low 
temperatures, and a high resistance to freezing (Kennedy 1999; Cavieres et al. 2016; 
Knox et al. 2016). Most are resistant to desiccation and some microfauna can undergo 
anhydrobiosis, in which the organism enters an extreme desiccated state to prevent 
cellular damage (Treonis et al. 2000; Colesie et al. 2014). Abiotic factors are widely 
understood to be the major drivers of life history traits and species distributions in the 
Antarctic (Kennedy 1999; Hogg et al. 2006; Convey et al. 2014; Velasco-Castrillón et 
al. 2014). Limiting factors include photoperiod, temperature, nutrient availability, time 
above freezing (a measure of time available for biological activity), period of snow 
cover, and water availability – potentially the most important factor influencing species 
distributions on the continent (Kennedy 1993; Chown & Convey 2007; Howard-
Williams et al. 2010; Colesie et al. 2014; Convey et al. 2014; Chown et al. 2015). 
 
Terrestrial Antarctic biodiversity consists of cryptogamic vegetation, two higher-order 
plants, microbes and invertebrates (Chown & Convey 2007; Convey & Stevens 2007; 
Convey 2010; Chown et al. 2015). Seals and seabirds also rely on ice-free areas for 
breeding. Broadly speaking the Antarctic continent can be divided into two regions – 
the milder maritime Antarctic, consisting primarily of the Antarctic Peninsula and 
islands, and the true continental region which is colder and drier (Chown & Convey 
2007; Convey et al. 2014). Diversity and abundance typically declines with increasing 
latitude and many taxa flourish in the milder coastal conditions (Hughes & Convey 
2010; Convey 2013; Adams et al. 2014; Convey et al. 2014). The two flowering plants, 
Deschampsia antarctica and Colobanthus quitensis, survive only in the milder climate 
of the Antarctic Peninsula, as do breeding populations of pinnipeds (Antarctic fur seals 
Arctocephalus gazella and southern elephant seals Mirounga leonina) and chinstrap 
(Pygoscelis antarcticus) and gentoo penguins (P. papua; Convey 2010; Lynch et al. 
2013). Endemic Adélie penguins (P. adeliae) breed at coastal sites and emperor 
penguins (Aptenodytes forsteri) rely on attached sea ice (i.e. fast ice) across the entire 
continent (Fretwell et al. 2009; Trathan et al. 2011; Lynch & LaRue 2014). Microbial 
groups are surprisingly diverse, with abundance of different taxa varying across the 
continent (Cary et al. 2010; Ji et al. 2016). Vegetation includes moss, lichen and algae, 
and whilst moss is found predominantly in coastal regions (Casanovas et al. 2013), 
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lichens have been recorded as far as 86°S (Green et al. 2011). A large part of 
Antarctica’s diversity is invertebrates, including soil microfauna (nematodes, rotifers 
and tardigrades), arthropods (mites and springtails), and two native midges (Convey 
2007; Velasco-Castrillón et al. 2014).  
 
Rates of endemism are high for most Antarctic taxa, in some major groups as high as 
100% (Rogers 2007; Velasco-Castrillón et al. 2014). Many have evolved in-situ for 
thousands to millions of years, surviving through multiple inter-glacial periods in ice-
free refugia (Convey et al. 2008; Pugh & Convey 2008; Hawes 2015). Despite making 
up less than 1% of the continent (Burton-Johnson et al. 2016), permanently ice-free 
areas are home to almost all Antarctic biodiversity (Convey et al. 2014). Ice-free areas 
form small patches of suitable habitat within a sea of ice, analogous to islands in an 
ocean (Bergstrom & Chown 1999; Kennedy 1999; Convey 2010). They manifest as 
nunataks, ice-free valleys, coastal oases, cliffs and fellfields (Convey 2011; Convey et 
al. 2014). Although ice-free areas are crucial for the survival of almost all Antarctica’s 
terrestrial biodiversity and breeding vertebrates, the extent to which they will be 
impacted by a changing climate is poorly understood. In Chapter 2 I conduct the first 
continental assessment of climate change impacts on ice-free areas and consider 
some of the consequent effects on biodiversity, including changes to competition and 
connectivity.  
 
As Antarctic lineages have persisted in these small pockets of life for tens of thousands 
to tens of millions of years, many Antarctic species have remained essentially isolated 
from each other, giving rise to a number of biologically distinct regions (Stevens et al. 
2006; Convey et al. 2009a). These regions were divided into environmental domains by 
Morgan et al. (2007), providing the foundation for further classification into Antarctic 
Conservation Biogeographic Regions (ACBRs) by Terauds et al. (2012) and updated to 
cover all continental ice-free areas by Terauds and Lee (2016). The sixteen ACBRs 
provide a useful framework for exploring biodiversity patterns, processes and impacts 
across the continent and have already been used as a spatial basis for Antarctic 
conservation planning (Fraser et al. 2014; Shaw et al. 2014; Hughes et al. 2016).  
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Why Antarctica?  
 
Besides the array of exceptional biodiversity, Antarctica is of great value to climate, 
science, and humanity generally. Antarctica and the Southern Ocean play a central 
role in maintaining Earth’s climate system (Turner et al. 2009; Convey 2011; Rintoul 
2018; Rintoul et al. 2018; Shepherd et al. 2018a). The Antarctic ice sheets are so high 
and large that they influence atmospheric circulation (Turner et al. 2009; Justino et al. 
2015), the Southern Ocean drives global ocean currents (Russell et al. 2006; Turner 
et al. 2009; Rintoul 2018), and conditions on the continent have been linked to drought 
conditions in Western Australia, where the meridional circulation south of Australia 
drives increased precipitation over the Antarctic plateau and decreased precipitation 
over southwest Australia (van Ommen & Morgan 2010). The east and west Antarctic 
ice sheets reflect considerable sunlight back to the atmosphere and store 70% of the 
world’s fresh water, equivalent to nearly 60 m of global sea-level (Turner et al. 2009; 
Fretwell et al. 2013). Phytoplankton and other Southern Ocean biomass, including 
benthic organisms, sequester and store large amounts of carbon dioxide (Peck et al. 
2010; Barnes 2015). Anthropogenic impacts on any of these ecosystem services could 
fundamentally change life on earth (Kennicutt et al. 2014; Rintoul et al. 2018).  
 
Antarctic ice sheets also provide an unparalleled record of the earth’s past climate 
(Jouzel 2013). Ice cores containing centuries-old minerals, gas, and organic 
compounds help climate scientists decipher climate signals and refine models of future 
climate projections (Jouzel 2013; Giorio et al. 2018). Studies of ice sheets and ice 
shelfs by glaciologists have helped to determine Antarctica’s potential contribution to 
sea-level rise (De Conto & Pollard 2016; Shepherd et al. 2018b), which is foundational 
for assessing the impacts on coastal ecosystems and civilisations globally. Despite 
the growing concern and extensive scientific research on sea-level impacts (Menon et 
al. 2010; Nicholls & Cazenave 2010; Bellard et al. 2014; Chown et al. 2017), no one 
has yet assessed potential effects on Antarctica. In Chapter 3, I assess impacts of 
sea-level change on Antarctic biodiversity and human activity, identifying those sites 
at high risk. This is essential science necessary to underpin future management of 
human infrastructure and ecosystems in the region.  
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Antarctica has long been recognised as a source of frontier science (Kennicutt et al. 
2014; Kennicutt et al. 2015). As well as climate science, Antarctica’s high altitude, low 
temperatures and dark skies combine to make the Antarctic plateau the best observing 
site on earth for studies in astronomy (Storey 2005; Burton 2010), and biologists use 
Antarctic biodiversity as model systems to understand evolutionary processes and 
adaptations to extreme environments (Hennion et al. 2006; Maslen & Convey 2006; 
Rogers 2007).  
 
Commencing in the Antarctic exploration era, the continent has always been perceived 
as containing valuable resources (Neilsen 2017). Whilst the days of whaling and 
sealing are all but over (Aronson et al. 2011; Chown et al. 2015), Antarctic fisheries 
remain lucrative (Aronson et al. 2011; Nicol et al. 2012; Tin et al. 2014). Antarctic krill 
(Euphausia superba) is of particular importance, providing high quality protein for 
human and animal consumption (Aronson et al. 2011; Nicol et al. 2012). Krill are vital 
to the Southern Ocean food-web and many species depend almost entirely on krill for 
survival (Ross & Quetin 1986; Kawaguchi et al. 2013). After fisheries, tourism is the 
most profitable industry in the region, where the global fascination with Antarctica has 
led to a steadily growing stream of visitors since the 1950s (Ezenbach 1993; Bender 
et al. 2016). Though mining is banned in Antarctica, the continent contains valuable 
minerals, and concerns have arisen regarding potential revisions to the Antarctic 
Treaty in 2048 (Aronson et al. 2011; Rintoul et al. 2018). Bioprospecting has also 
emerged in recent years with both marine and terrestrial biodiversity as potential 
sources for pharmaceuticals (Chown et al. 2012a; Chown et al. 2017).  
 
Yet Antarctica represents something more to the global population than just unique 
biodiversity, scientific value, ecosystem services and financial reward. The isolated 
and extreme environment, awe-inspiring landscapes and the romanticisation of the 
heroic age of Antarctic Exploration have long fuelled cultural imaginaries, resulting in 
countless movies, novels and art of every form (Nielsen 2013; Nielsen 2017). The 
charismatic megafauna - penguins, killer whales, seals - are beloved around the world, 
and feature in abundant documentaries and anthropomorphised stories. For many, 
Antarctica represents one of the last places on the planet that we as a civilisation are 
yet to spoil (Bargali 2005; Shaw et al. 2014). Indeed, it is still possible to travel to areas 
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that have never experienced a human footfall (Convey 2011). Intrinsic values such as 
these cannot be measured in dollars yet are arguably just as important to humankind.  
 
The Anthropocene 
 
Anthropogenic activity is impacting environments worldwide, and in Antarctica this is 
threatening not only its intrinsic values, cultural heritage, science, resources, and a 
stable climate, but a suite of truly unique biodiversity that depends entirely on a 
functioning climate and ecosystem. Terrestrial Antarctic biodiversity faces multiple 
threats, including invasive species, increasing human activity, pollution, and climate 
change. 
 
Invasive species are one of the greatest threats to Antarctic biodiversity (Chown et al. 
2012b; McGeoch et al. 2015), usually being ecological generalists and excellent 
competitors (Statzner et al. 2008; van Kluenen et al. 2010). The highly specialised life-
history and biological traits of Antarctic species that give them the ability to adapt to 
environmental extremes might be the very element that makes them vulnerable to 
invasive species (Chown & Convey 2007; Convey et al. 2009a; Hughes et al. 2015a). 
While few studies have quantitatively measured the impacts of non-native species on 
Antarctic taxa (though see Molina-Montenegro et al. 2012), if sub-Antarctic 
ecosystems are any indication, then the outlook is bleak (Chown and Smith 1993; 
Bergstrom and Chown 1999; Frenot et al. 2005; Bergstrom et al. 2006). Over 35 non-
native species have already been recorded on the continent (Hughes et al. 2015a), a 
number of which have established and some that might become invasive (i.e. Poa 
annua on King George Island near Arctowski research station; Hughes et al. 2015a; 
Galera et al. 2017). The majority of incursions have occurred in the Antarctic Peninsula 
(Hughes et al. 2015a), though there are some cases from the continent itself. 
Eradication of non-native species is costly and difficult (Helmstedt et al. 2016; Galera 
et al. 2017) and there are only a handful of successful Antarctic eradications on record, 
including a small patch of the non-native grass Poa pratensis eradicated at Cierva 
Point (Pertierra et al. 2017a) and the collembola Xenylla sp. at Australia’s Davis station 
(Bergstrom et al. 2018). Cost and likelihood of successful eradication is likely to vary 
substantially depending on multiple factors, including the rate of detection, life history 
traits of the species, and whether or not the incursion was contained within station 
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limits. While extreme conditions and isolation have been one of Antarctica’s greatest 
protections against non-native species establishment, a warming climate and 
increasing human activity continue to lower this barrier, likely resulting in an increased 
number of invasions beyond current levels (Hughes & Convey 2010; Chown et al. 
2012b; McGeoch et al. 2015; Duffy et al. 2017). 
 
There are two major types of human activity in Antarctica – science and tourism. The 
primary activity is scientific research (Tin et al. 2014). Prior to the signing of the 
Antarctic Treaty in December 1959, seven nations had made territorial claims on the 
continent and were furiously erecting infrastructure to validate and legalise their 
claims, particularly in the race between Chile, Argentina and the United Kingdom on 
the Antarctic Peninsula (Naylor et al. 2008; Howkins 2010; Tin et al. 2014). The 
adoption of the Antarctic Treaty by the original twelve signatory nations - Argentina, 
Australia, Belgium, Chile, France, Japan, New Zealand, Norway, South Africa, the 
Soviet Union, United Kingdom, and the United States of America – left the territorial 
claims in abeyance, to be neither recognised or denied, and an agreement that 
Antarctica will be used exclusively for peaceful purposes (Antarctic Treaty 1959; 
Howkins 2010). A further 41 nations have since signed the Antarctic Treaty and many 
have National Antarctic Programs (NAPs) that coordinate and conduct scientific 
activities on the continent. These NAPs have now constructed hundreds of facilities 
on the continent, primarily research stations and field camps (Tin et al. 2014; 
COMNAP 2017). Indeed, it is not only science that drives nations to establish Antarctic 
infrastructure, but strategic geopolitical manoeuvres, and aspirations in case the 
Antarctic Treaty System crumbles (Naylor et al. 2008; Hughes 2010; Tin et al. 2014). 
New projects are proposed and implemented every year and activity continues to 
expand (COMNAP 2017; Chown 2018).  
 
Antarctica’s impressive scenery and charismatic wildlife also bring tens of thousands 
of tourists to the continent each year. Tourist numbers have continued to grow since 
the global financial crisis of 2008, leading up to over 50,000 visitors in the 2017-2018 
season (Bender et al. 2016; IAATO 2018). The impacts of tourism on Antarctic 
biodiversity and environment are still being debated, though growing numbers likely 
lead to greater impacts. We also lack an understanding of how the distribution and 
intensity of tourism might change in the future, particularly with regards to climate 
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change, which may increase accessibility for landings. In Chapter 4, I use statistical 
models to project the impacts of climate change on tourist landing sites, identifying 
regions that might be exposed to increasing tourism. Tourist landing sites and scientific 
infrastructure both tend to be located in low-lying coastal ice-free areas, which typically 
have greater accessibility and milder conditions (Hughes et al. 2015a). They are also 
prime biodiversity habitat (Convey et al. 2009a; Convey 2013).  Both forms of human 
activity directly and indirectly impact Antarctic biodiversity through disturbance, habitat 
modification, pollution, and by providing new pathways for the introduction of non-
native species (Hughes & Convey 2010; Aronson et al. 2011; Tin et al. 2014).  
 
Pollution in the Antarctic comes from both short-range and long-range sources. Short 
range, or direct, pollution includes sound disturbance from transport vessels (air, sea, 
and land), emissions from transport and infrastructure, improperly managed or 
discarded waste, and the potential for environmental incidents, such as fuel spills 
(Aronson et al. 2011; Tin et al. 2014; Brooks et al. 2018). Long-range pollution comes 
from external sources and includes microplastics and persistent organic pollutants 
(POPs; Bargagli 2005; Waller et al. 2017). All forms of pollution have the potential to 
negatively impact the Antarctic environment, and the problem is likely to grow with 
increasing human activity. 
 
Climate change is an all-encompassing threat to Antarctica with the capacity to 
exacerbate other threats. Direct impacts on biodiversity include changes to 
temperature and precipitation regimes, retreating glaciers, and ice melt (Convey 2006; 
Convey et al. 2009b). Indirect impacts include changes to ice-free habitat, sea-level 
changes, reduced barriers to non-native species establishment, increased 
accessibility for human activity, ocean acidification, and changes to species 
distributions (Convey 2006; Convey et al. 2009b). And indeed, the effects are already 
being felt in the region. The Antarctic Peninsula has experienced some of the greatest 
warming in the Southern Hemisphere (Vaughan et al. 2003; Mulvaney et al. 2012), 
glaciers are retreating continent-wide (Turner et al. 2009; Turner et al. 2014; Shepherd 
et al. 2018a), the westerly winds are retreating poleward (Russell et al. 2006; Spence 
et al. 2014), rapid ice-shelf collapse is forecast for key sites (Feldmann & Levermann 
2015; Scambos et al. 2017), and rain has been recorded for the first time in new 
locations (Kaur et al. 2013; Nicolas et al. 2017). The Antarctic Peninsula is greening 
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with moss (Amsebury et al. 2017), Colobanthus quitensis and Deschampsia antarctica 
are rapidly expanding in some locations (Convey 2006; Cannone et al. 2016; Cavieres 
et al. 2016), while the ranges of gentoo penguins expand southward, whilst emperor 
and Adélie penguins contract poleward (Forcada & Trathan 2009; Trathan et al. 2011; 
Lynch et al. 2012). 
 
In the interest of all humankind 
 
Antarctica is clearly valuable. The Antarctic Treaty recognised that “It is in the interest 
of all mankind that Antarctica shall continue forever to be used exclusively for peaceful 
purposes and shall not become the scene or object of international discord”, and that 
it holds intrinsic worth to global science and the progress of all humankind (1959). 
There is more interest in Antarctica than ever before. However, the growing human 
activity comes at a cost of increased risk to biodiversity, and the mounting climate 
change challenge means time for action is limited.  
 
Conservation science is an applied discipline developed in response to the escalating 
pressures facing species and ecosystems globally, helping guide the allocation of 
resources to address environmental problem with the goal of managing and preserving 
biodiversity (Soulé 1985). The development of conservation science in Antarctica has 
historically lagged behind the rest of the world, perhaps as a result of the perceived 
pristineness of the continent, yet there is now a rapidly growing recognition of the 
urgent need for Antarctic conservation (Tin 2009; Chown et al. 2012a; Kennicutt et al. 
2014; Shaw et al. 2014; Chown et al. 2017).  
 
The Protocol on Environmental Protection to the Antarctic Treaty was adopted in 1991 
to enhance the protection afforded to the Antarctic environment and ecosystems. It 
designated Antarctica as a “nature reserve, devoted to peace and science” and 
deemed that all human activity should aim to minimise harmful impacts on 
environment and ecosystems. Because of this designation, it is a common perception 
that Antarctica is highly protected, a ‘gold standard’ nature reserve. The reality is that 
the protected area network is inadequate (Shaw et al. 2014; Hughes et al. 2015b), 
standard global assessments are only beginning to be considered (Chown et al. 2017), 
comprehensive management plans, monitoring, and compliance vary drastically 
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between NAPs (Hughes 2010; Hughes et al. 2015a), and impacts of threatening 
processes are poorly understood (Convey et al. 2009b).  
  
Protected areas were originally created to preserve iconic landscapes and are today 
recognised as a global tool with many potential benefits, including protecting 
landscapes, species and ecosystems, sustaining ecosystem services and helping to 
mitigate climate change (Watson et al. 2014). In Antarctica, they are some of the only 
areas that limit access to human activity and have biodiversity-focused management 
plans. Yet only 75% of Antarctic Specially Protected Areas (ASPAs) were designated 
to protect biodiversity, the others for cultural or geological significance (Shaw et al. 
2014). Only 1.5% of ice-free area is protected and five of the sixteen ACBRs have no 
representation in the Antarctic protected area network (Shaw et al. 2014; Terauds & 
Lee 2016). A mere 16.1 km2 of vegetation has been protected across the entire 
continent (Hughes et al. 2015b). This network falls far short of the global objective to 
protect 17% of land in representative protected areas (AICHI Target 11; CBD 2011; 
Shaw et al. 2014). Antarctica is also doing no better than the rest of the world when it 
comes to meeting the other sixteen Aichi targets of the Strategic Plan for Biodiversity 
2011 - 2020 (Chown et al. 2017), which were developed by the Convention on 
Biological Diversity (CBD) to save biodiversity and sustain a healthy planet (CBD 
2011). Other standard global tools and frameworks for biodiversity conservation are 
yet to be utilised in assessments of Antarctica, including the United Nations 
Sustainable Development Goals (SDGs), which outline seventeen global goals to 
protect the planet and improve human welfare (UN 2015), and the International Union 
for Conservation of Natures (IUCN) Red-listing of species and ecosystems (IUCN 
2017), which have been recognised but not yet comprehensively applied for Antarctic 
biodiversity and ecosystems. Whilst the Antarctic Treaty and Environment Protocol list 
clear objectives to minimise environmental impacts, there is no explicit mechanism to 
ensure compliance (Hughes et al. 2014). Unfortunately, not all NAPs are equal when 
it comes to minimising and recording impact and standards vary drastically across 
programs (such as for biosecurity procedures; Hughes et al. 2015a).  
 
Finally, whilst there are a number of studies on individual species, we still do not have 
a good grasp of how different threats will impact Antarctic biodiversity as a whole. 
Understanding and predicting the impacts of threatening processes are crucial for 
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successful conservation planning. Conservation actions should be targeted to alleviate 
threats - which requires knowledge of where to act, what to do and what the objective 
is (Game et al. 2013; Tulloch et al. 2015). In Chapter 5, building on the results of the 
previous chapters, I use an expert elicitation process to build a comprehensive 
conservation plan for terrestrial Antarctic biodiversity in the face of multiple threats.  
 
Better understanding the implications of, and providing recommendations on, invasive 
species, tourism, and climate change were all identified as Priority One issues by the 
Committee for Environmental Protections (CEP) Five-year Work Plan in 2017 (CEP 
XX, Appendix 1, 2017). The CEP was established by the Environment Protocol as an 
expert advisory body tasked with providing recommendations to the annual Antarctic 
Treaty Consultative Meeting (ATCM) on environmental matters (Hughes et al. 2016). 
They are one of the most direct mechanisms for initiating policy change and 
conservation action in terrestrial Antarctica (Hughes et al 2018).  The CEP relies on 
high-quality science from around to world to inform their recommendations (Hughes 
et al. 2016; Hughes et al. 2018). This thesis delivers some of this science. 
 
Thesis structure 
 
This thesis aims to advance conservation of terrestrial Antarctic biodiversity. This is 
achieved in two ways, firstly by improving understanding of how existing and future 
threats, particularly climate change, may impact on biodiversity and the environment, 
and secondly, by providing recommendations on our best course of action to alleviate 
these threats. This research is undertaken on a continental scale considering all 
terrestrial biodiversity from microbes to charismatic megafauna. All too often Antarctic 
studies focus on a single region or taxonomic group, which while useful for local 
management, is not typically the scale at which the Antarctic Treaty System and CEP 
operate. The aims of this thesis have been developed with input from active members 
of the CEP and all outputs will be made available in policy relevant form, e.g. 
Information and Working Papers.  
 
In Chapter 2 I assess how climate change might impact ice-free habitat using 
temperature-index melt modelling and newly available Antarctic climate data. Whilst 
ice-free areas currently make up less than 1% of the Antarctic continent, they are 
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crucial for the survival of almost all terrestrial species. I subsequently develop and 
discuss hypotheses about how these changes to ice-free areas might impact 
biodiversity. 
 
In Chapter 3 I assess how sea-level change might impact Antarctic biodiversity and 
human activities. Due to uncertainty surrounding the behaviour of the West Antarctic 
Ice Sheet, it is possible that sea levels may rise or fall (or both) around the Antarctic 
coastline. I therefore consider the impacts of both a rise and fall in sea level on ice-
free areas, human activity, penguin colonies, and biodiversity hotspots – ASPAs and 
Important Bird Areas. I pinpoint high-risk sites that require further assessments and 
the urgent development of management plans.  
 
In Chapter 4 I use long term data from the International Association of Antarctica Tour 
Operators (IAATO) to investigate how tourism trends have changed across the 
continent. I then use statistical models to project how suitable landing sites might be 
impacted by climate change and consider the implications for biodiversity. 
 
In Chapter 5 I apply a decision support framework, priority threat management, to 
prioritise conservation actions for Antarctic biodiversity in the face of multiple threats. 
The prioritisation relies on expert derived data collected at an international workshop 
in Belgium, July 2017, and which would not have been possible without the dedication 
and support of Antarctic experts from across the globe who donated their time and 
expertise to this cause.  
 
Finally, in Chapter 6 I draw on the previous chapters to generalise and illustrate 
themes that emerge from this thesis as a whole, beyond the sum of its parts. I discuss 
the limitations of this research and identify priority areas for future study.  
 
This thesis was written as a set of individual papers intended for publication. As such, 
each data chapter stands alone as a scientific article. As each chapter was written with 
a specific journal in mind for publication, the style and structure vary slightly between 
chapters.   
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Chapter 2 | Climate change drives expansion of Antarctic ice-free 
habitat 
 
Lee JR, Raymond B, Bracegirdle TJ, Chadès I, Fuller RA, Shaw JD, Terauds A. 2017. 
Climate change drives expansion of Antarctic ice-free habitat. Nature 547:49. 
 
This chapter was written by JLR, with editorial advice from all authors, and is published 
in Nature. JRL and AT conceived the idea. TJB and BR generated the climate data. 
JRL designed and undertook the melt modelling and analysed the data with 
contributions from all authors. 
 
Antarctic terrestrial biodiversity occurs almost exclusively in ice-free areas that 
cover less than 1% of the continent. Climate change will alter the extent and 
configuration of ice-free areas, yet the distribution and severity of these effects 
remain unclear. Here we quantify the impact of 21st century climate change on 
ice-free areas under two IPCC climate forcing scenarios using temperature-
index melt modelling. Under the strongest forcing scenario, ice-free areas could 
expand by over 17,000 km2 by the end of the century, close to a 25% increase. 
Most of this expansion will occur in the Antarctic Peninsula, where a threefold 
increase in ice-free area could drastically change the availability and 
connectivity of biodiversity habitat. Isolated ice-free areas will coalesce, and 
while impacts on biodiversity are uncertain, we hypothesize that they could 
eventually lead to increasing regional scale biotic homogenization, the spread 
of invasive species and the extinction of less-competitive species. 
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Introduction 
 
Climate change poses one of the greatest threats to biodiversity persistence worldwide 
(Urban 2015). The Antarctic Peninsula has experienced one of the most rapid 
temperature rises in the Southern Hemisphere (Vaughan et al. 2003; Mulvaney et al. 
2012). This increase has recently paused, which is probably a consequence of short-
term natural climate variability masking the longer-term human influence (Turner et al. 
2016). However, the anthropogenic signal is likely to become more pronounced over 
the 21st century, resulting in further significant warming across the Peninsula and 
wider Antarctic continent (Hawkins & Sutton 2012; Bracegirdle et al. 2008; Robinson 
& Erickson 2015). 
 
Considerable resources and research have been directed into studying and 
understanding the effects of climate change on the melting of the Antarctic ice sheets 
and their contribution to global sea level rise (Rignot et al. 2011; Ligtenberg et al. 2013; 
DeConto & Pollard 2016). By contrast, until very recently, the impacts of climate 
change and associated ice melt on native Antarctic biodiversity have been largely 
overlooked on broad spatial scales (Sutherland et al. 2015). Yet, a warming climate 
has the potential to cause substantial expansion of ice-free areas across Antarctica, 
possibly allowing some species to expand and even cross ancient biogeographical 
divides as ice-free areas begin to coalesce. 
 
Ice-free areas form isolated patches of habitat within a matrix of ice, analogous to 
islands in an ocean (Convey 2010). They manifest in many forms, including exposed 
mountain tops (nunataks), cliffs, scree slopes, ice-free valleys, coastal oases and 
islands, ranging in size from less than 1 km2 to thousands of km2, and can be 
separated by metres to hundreds of kilometres (Convey 2013; Convey et al. 2014). 
The direct and indirect effects of climate change on ice-free areas have not yet been 
investigated in Antarctica, leaving a significant gap in our understanding of climate 
change impacts on Antarctic species, ecosystems and their future conservation. 
 
Comprising less than 1% of Antarctica (Burton-Johnson et al. 2016; Terauds & Lee 
2016), permanently ice-free areas are home to almost all the continent’s biodiversity, 
including arthropods, nematodes, microbes, vegetation (vascular plants, lichen, fungi, 
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mosses and algae), rotifers, and tardigrades (Chown & Convey 2007; Chown et al. 
2015). Ice-free areas also form essential breeding grounds for seals and seabirds. 
Until recently it was believed that Antarctic biodiversity underwent a major extinction 
event during the Last Glacial Maximum (LGM), subsequently colonizing and 
expanding during the glacial recession (Convey & Stevens 2007; Collins & Hogg 
2016). However, geological and genetic studies suggest that many taxa persisted 
through the LGM and quite probably multiple glacial cycles, by contracting into refugia 
(Convey & Stevens 2007; Convey et al. 2009a). Springtails for example, are believed 
to have diversified during the late Miocene and have long since been separated by 
glacial barriers (Stevens et al. 2006). 
 
Many species are recorded from only a single region across the continent (including 
tardigrades, rotifers and nematodes (Velasco-Castrillón et al. 2014), or indeed even 
single ice-free areas (for example, the tardigrade Mopsechiniscus franciscae from 
Victoria Land (Guidetti et al. 2014) or the rotifer Rhinoglena kutikovae from the Bunger 
Hills, East Antarctica; De Smet & Gibson 2008). It is uncertain whether these species 
are limited to these patches owing to lack of dispersal potential or opportunities, or 
whether we have limited understanding of their distribution owing to a deficiency of 
comprehensive surveys (Chown et al. 2015). Regional differences in terrestrial fauna 
led to the identification of a broad geographic divide between the Antarctic Peninsula 
and the rest of the Antarctic mainland (the Gressitt Line; Chown & Convey 2007) and 
more recently the delineation of 16 biologically distinct regional units (Antarctic 
Conservation Biogeographic Regions—ACBRs or bioregions; Terauds et al. 2012; 
Terauds & Lee 2016). Geographic isolation and lack of connectivity has largely 
sheltered terrestrial Antarctic biota from dispersing species and interspecific 
competition (Convey 2010; Chown et al. 2015; Hughes et al. 2015a. 
 
Abiotic factors, such as the availability of water, energy (for example, sunlight) and 
nutrients, are widely understood to be the major drivers of Antarctic species 
distributions and life histories (Hogg et al. 2006; Convey et al. 2014; Velasco-Castrillón 
et al. 2014; Chown et al. 2015), unlike many regions of the world (such as African 
savannah or rainforests; Thaker et al. 2011; Bagchi et al. 2014), where predation and 
competition have more substantive impacts on species distributions. Antarctic 
biodiversity is also severely limited by physical barriers, such as expanses of ice and 
16 
 
snow, which decrease dispersal opportunities between ice-free patches Convey et al. 
2014; Collins & Hogg 2016). How Antarctic communities will cope with a changing 
climate and potential increases in habitat and biotic interactions remains largely 
unknown (Convey 2013; Chown et al. 2015). 
 
To determine the likelihood of climate-induced ice melt around Antarctic ice-free areas 
we used a temperature-index modelling approach, previously used to estimate ice melt 
in the European Alps, New Zealand and the Arctic (Hock 2003; Braithwaite & Raper 
2007). We make projections for the end of the 21st century under two of the 
Representative Concentration Pathways (RCP4.5, 8.5; Meinshausen et al. 2011) 
adopted by the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment 
Report (AR5; IPCC 2013). By combining air temperature, radiation, projected 
precipitation changes and recently updated spatial layers of current ice-free area and 
ice coverage, we quantified the potential impacts of 21st century climate change on 
ice-free areas and present hypotheses on the associated implications for Antarctic 
terrestrial biota. 
 
Methods 
 
Current ice-free areas 
Current ice-free areas were delineated using the recent spatial layers available in the 
Scientific Committee for Antarctic Research (SCAR) Antarctic Digital Database (ADD 
Version 7; http://www.add.scar.org). We used the ‘medium resolution’ rock-outcrop 
layer, equivalent to a 1:1 million scale, because this best matches the 1 km2 resolution 
of the ice-thickness layer and spatially interpolated climate data (see below), enabling 
us to match future projections of ice melt with a map of currently ice-free areas. 
 
Current ice thickness 
Current ice thickness is required to determine how melt will impact the distribution of 
ice-free areas. We used the Bedmap2 ‘ice thickness’ layer from the British Antarctic 
Survey, which gives ice thickness on a 1 km grid of Antarctica (Fretwell et al. 2013). 
The Bedmap2 layer is generated from primary data (direct ice thickness 
measurements and satellite altimetry measurements) where available, and where 
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unavailable, it was modelled using a ‘thin ice’ model (see Fretwell et al. 2013 for 
details). 
 
Ice melt 
There are several methods available for measuring changing ice in polar regions. 
Energy-balance models assess surface energy fluxes to determine the amount of 
energy available for melt (Hock 2005). Surface mass balance (SMB) studies, which 
focus on ice sheets and their contribution to sea level rise (Rignot et al. 2011; 
Ligtenberg et al. 2013), subtract loss of snow and ice (sublimation, run off, erosion) 
from the accumulation through precipitation. These methods are usually applied at 
pan-continental ice sheet scales, often covering hundreds of kilometres and modelling 
gigatonnes of ice. By contrast, our biodiversity based focus is at the periphery of 
current ice-free areas, where ice can be orders of magnitudes thinner than most of the 
Antarctic Ice Sheet (Fretwell et al. 2013). These areas are typically relatively small 
(kilometres to tens of kilometres). 
 
A widely used method of measuring ice and snow melt on this type of regional or 
catchment scale is temperature-index modelling, which relies on the strong correlation 
between ice melt and air temperature (Hock 2005). Though a simplification of the 
complex energy-balance methods incorporating heat flux and energy transfer, 
temperature-index models have been found to perform as well as and even out-
perform energy-balance models on this scale and over longer time periods (Hock 
2003; Ebnet et al. 2005; Hock 2005). The good performance and relatively low data 
requirements of temperature-index modelling make it appropriate for our study and 
our focus on the ecological implications of change. 
 
We used a temperature-index approach based on degree days and incorporating solar 
radiation (Hock 1999). The current configuration of ice-free areas (as defined by ADD 
v7) is a result of both climatic and other processes (such as glaciological history, wind, 
elevation, temperature and precipitation; Hawes et al. 2015). To isolate the effects of 
climate change from these other processes, we assume that the current configuration 
of ice-free areas is stable under current climatic conditions (temperature and 
precipitation), allowing us to attribute melt purely to differences in projected climate 
between now and 2098. We used the projected melt and the Bedmap2 ice thickness 
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layer to determine which areas would melt under different climate forcing scenarios 
and combined these with the current ice-free areas to determine future configuration. 
For a simple overview of our methods, refer to Appendix 2.1. 
 
Current degree days 
Three hourly air temperature records (mean of 2014 and 2015 temperatures, 10 km 
resolution) from the Antarctic Mesoscale Prediction System (AMPS; Powers et al. 
2003: http://www2.mmm.ucar.edu/rt/amps/) were used to calculate degree days for 
each day of the year according to equation (1). The European Centre for Medium 
Range Weather Forecasts (ECMWF) ERA-interim re-analysis data (Dee et al. 2011) 
was used to verify that 2014 and 2015 temperatures were not anomalous relative to 
the period 1979–2015. Combined, 2014–2015 displayed temperature anomalies of up 
to 0.5 °C, which was deemed satisfactory given that future projected changes are in 
the order of 3–4 °C (Appendix 2.2). All spatial layers were reprojected and interpolated 
to 1-km2 cells to match the resolution of the Bedmap2 ice thickness layer. The degree 
day value for day i in cell x gives a measure of the time spent above freezing (and thus 
potential for ice melt), calculated as: 
 
   
 1
, 01
DD  
0, 0
n
ix ix
ix
t ix
T t T t
T tn 
 
 

         (1) 
 
Where DDix is degree days on day i in cell x, Tix(t) is the air temperature (°C) at time 
step t on day i in cell x, and n is the total number of time steps per day (here n = 8 as 
the time step is 3 h).  
 
Climate model data 
Changes in surface air temperature (temperature at 2 m above the surface) and 
precipitation rate were estimated from climate model output from the most recent 
phase (phase 5) of the World Climate Research Programme (WCRP)’s Coupled Model 
Inter-comparison Project (CMIP5; Taylor et al. 2012). The CMIP5 dataset comprises 
output from approximately 50 different fully coupled climate and earth-system models 
(or model variants) and was the primary source of climate model data for the analysis 
included in the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment 
Report (AR5; IPCC 2013). In this study, we use data from two types of simulation: (i) 
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‘historical’ simulations for which past known climate forcings such as observed 
greenhouse gas concentrations are used; and (ii) future scenario Representative 
Concentration Pathway (RCP) simulations for which a number of different possible 
future outcomes in terms of anthropogenic climate forcing are defined (Meinshausen 
et al. 2011). Here we use a medium-forcing scenario (RCP4.5) and the most extreme, 
high-forcing scenario (RCP8.5). For the variables considered in this study, 21st 
century change is quantified as the difference between time-mean climatologies over 
the 30-year period 2069–2098 from the RCP simulations and the time-mean 
climatology over the 30-year period 1970–1999 from the historical simulations. The 
variables used in this study are surface air temperature (CMIP5 variable name ‘tas’) 
and total surface precipitation rate (variable name ‘pr’) for which monthly mean data 
were evaluated. For these variables, data from 38 of the CMIP5 models was found to 
be available for the historical–RCP4.5 scenario pair and from 40 models for the 
RCP8.5–historical scenario pair (listed in Appendix 2.3). 
 
Climate model subsetting 
The key region for change was identified as the Antarctic Peninsula. Many of the 
CMIP5 climate models are run at rather low atmospheric horizontal resolution (see 
Appendix 2.3), which affects the representation of the high mountains of the Antarctic 
Peninsula in these models (Van Lipzig et al. 2004). In addition, many models exhibit 
large biases in a main feature of regional circulation, the Amundsen Sea Low (ASL), 
which exerts a strong influence on Antarctic Peninsula temperature and precipitation 
(Hosking et al. 2016). We therefore identified a subset of CMIP5 models taking into 
account model resolution and fidelity at reproducing observed characteristics of the 
ASL. 
 
For resolution, the criterion for model subsetting was to select those models with a 
latitudinal grid spacing of less than the median of 1.9° across the 40 models listed in 
Appendix 2.3. After applying this constraint 17 of the 40 models remained. Although 
higher resolution climate model data than that available from the CMIP5 dataset would 
be preferable, this procedure identifies a more appropriate subset of the currently 
available model output. With regard to the ASL, Hosking et al. (2016) identified 11 
CMIP5 models that most reliably reproduce the observed characteristics of the ASL. 
Applying a further constraint, whereby only those models identified by Hosking et al. 
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(2016) were included, left a subset of nine models: CMCC-CM, CCSM4, 
CESM1(BGC), CESM1(CAM5), EC-EARTH, MRI-CGCM3, MRI-ESM1, HadGEM2-
AO and CNRM-CM5. To avoid duplication of model variants from the same modelling 
centre the following additional filtering was conducted as follows: (i) CESM1(CAM5) 
was chosen instead of CESM1(BGC) owing to its smaller bias in ASL representation; 
(ii) MRI-CGCM3 was chosen over MRI-ESM1also owing to its smaller bias in ASL 
representation. 
 
This resulted in the final subset of seven models as follows: CMCC-CM, CCSM4, 
CESM1(CAM5), EC-EARTH, MRI-CGCM3, HadGEM2-AO and CNRM-CM5. 
 
Sensitivity to using an alternative method that combines the full ensemble of available 
model data in estimating the mean future projected change (known as ensemble 
regression (ER; Bracegirdle & Stephenson 2012) and referred to here as the full-
ensemble ER mean) and the above subset (the subset ensemble mean) was 
evaluated by using both approaches in analysis. Before producing multi-model 
averages it was necessary to re-grid onto a common atmospheric grid. The 
HadGEM2-AO atmospheric grid (1.875° longitude × 1.25° latitude) was chosen as the 
common grid. 
 
Future degree days 
The projected changes in temperature (∆T) were added to current temperatures to 
calculate temperatures at 3-hourly intervals (equation (2) for the year 2098 for RCP4.5 
and RCP8.5 emissions scenarios (and RCP2.6 for the full-ensemble ER mean). 
 
0.835 fx cx xT T T             (2) 
 
Where Tfx is future temperature in cell x, Tcx is current temperature in cell x using the 
AMPS 3 hourly air temperature records and ∆Tx is the projected change in air 
temperature (°C) in cell x for the year 2098, multiplied by 0.835 as the temperature 
projections were made on a hundred-year timeframe (1999–2098) yet current 
temperatures were averaged for 2014 and 2015, which is only a 83.5-year timeframe 
(assuming some of the change occurred before 2014). 
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Daily degree days for the year 2098, under the two climate change scenarios (RCP4.5, 
RCP8.5, and RCP2.6 for full-ensemble ER mean projections) were then calculated 
according to equation (1), using future air temperatures. 
 
Change in degree days  
The daily difference in degree days (∆DD) was determined for each RCP scenario by 
subtracting the current daily degree day values from future daily degree day values. 
These values were then reprojected to the 1 km2 Bedmap2 grid. 
 
Radiation 
Potential direct solar radiation was calculated daily for 365 days in a year at a 1 km2 
resolution, according to the methods described in Kumar et al. (1997). This method 
incorporates radiation corrected for incident angle, diffuse and reflected radiation, 
insolation, latitude, elevation, slope and aspect and assumes a clear sky (no clouds). 
Cloud effects have been incorporated into temperature-index models in previous 
studies, but did not improve model performance (Hock 1999). In the absence of any 
reliable fine-scale projected data, we assume that potential direct solar radiation will 
be the same in 2014/2015 and 2098. 
 
Melt 
In temperature-index models, the melt rate is determined by the ‘degree day factor’, 
which represents the amount of melt that will occur under one degree day. When 
incorporating radiation the commonly used degree day factor is replaced by a ‘melt 
factor’, where daily radiation is used to vary the melt rate, making it spatially explicit 
(for example, north-facing slopes, particularly in coastal Antarctica, will receive more 
sunlight and consequently melt faster). Total melt for the years 2014–2098 was 
calculated for three RCP scenarios as per equation (3). 
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Where Mx is the total melt (mm) for cell x that has occurred between 2014 and 2098, 
∆DDix is the daily difference in degree days for day i in cell x, MF is the melt factor (mm 
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d1 °C1; Appendix 2.4, a is the radiation coefficient (m2 W1 mm d1 °C1; Appendix 
2.4, and Iix is the daily potential radiation (W m2) for day i and cell x. 
 
As it was not possible to obtain direct measurements of melt rate on a continental 
scale, we relied on the literature to estimate the melt rate (Appendix 2.5 – 2.7). There 
was little information available regarding melt factors directly, therefore the large 
number of globally recorded degree day factors (DDF; Appendix 2.5) were used to 
calculate the MF, as per equation (4). 
 
 MF DDF aI            (4) 
 
Where MF is the melt factor, DDF is the degree day factor (Appendix 2.4), a is the 
radiation coefficient (Appendix 2.4) and I is the daily radiation, here I = 121.862, which 
is the mean daily radiation across the Antarctic continent. 
 
Various melt factor and radiation coefficients were used to estimate lower and upper 
bounds for total melt (Appendix 2.4), which allowed us to incorporate uncertainty into 
our estimates of melt rate. The lower and upper bounds represent the lowest and 
highest possible melt we could expect based on a literature review of the melting rates 
of snow/ice, while the mean represents the melt rate that would occur using the mean 
coefficient values. The three calculated melt factors (lower, upper, mean) reflect the 
range of degree day factor values in the literature well, if somewhat conservatively 
(Appendix 2.5). The lower and upper radiation coefficients (a) represent the mean of 
all values found in the literature for snow and ice respectively (Appendix 2.7). As there 
is no measure of the relative amounts of snow and ice cover on a continental scale for 
Antarctica, it was reasonable to use coefficient values for snow to generate the lower 
bound and coefficient values for ice to generate the upper bound (ice generally melts 
at a faster rate than snow owing to decreased albedo). 
 
We generated 15 melt scenarios overall (mean, lower and upper bound for each RCP; 
two RCPs for the subset ensemble approach, and three RCPs for the full-ensemble 
ER mean approach). 
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Incorporation of precipitation into melt projections 
The precipitation climate model projections were extracted from the CMIP5 dataset as 
described above. Like ∆T, we multiplied ∆P by 0.835 as the precipitation projections 
were made on a hundred year timeframe, yet we use an 83.5-year timeframe 
(beginning 2014/2015). ∆P was then reprojected to the Bedmap2 1 km2 grid. 
 
We then incorporate precipitation into melt projections by subtracting ∆P from the total 
melt for each cell, yielding an estimate of melt adjusted for future changes in 
precipitation. 
 
As the ensemble regression methodology has not yet been developed for application 
to precipitation projections, the nine full-ensemble ER mean scenario projections 
(Appendix 2.8b and Appendix 2.9) do not take projected changes in precipitation into 
account. 
 
Bedmap2 
To determine how ice melt would impact the physical environment we overlaid the 15 
melt scenario layers onto the Bedmap2 ice thickness layer (Fretwell et al. 2013). The 
‘thin ice’ model that was used to generate ice thickness in the absence of direct 
thickness measurements (Fretwell et al. 2013) led to the occasional estimation of zero 
ice-thickness cells beyond the boundaries of known ice-free areas (that is, cells with 
an ice-thickness of zero that did not overlap an ice-free area in the ADD medium-
resolution rock outcrop layer), perhaps an artefact of the gridding algorithm, and 
possibly also a result of the integer nature of the Bedmap2 layer, where cell values 
were generated (or rounded) to the nearest metre. These cells with a false zero 
thickness are probably thin ice, but are not genuinely ice-free according to the ADD 
rock outcrop layer. To deal with the uncertainty in the true value of these cells, we 
generated 16 ice-thickness layers, where we applied nominal thickness values 
increasing at 10-cm intervals from 0 m to 1.5 m to all Bedmap2 cells identified with an 
ice-thickness of zero (all other cell values remained the same). We then generated a 
likelihood of melt, where we subtracted the melt (m) from each of the 16 ice-thickness 
layers, summed the number of times the cell became ice-free (that is, reached a 
thickness of zero) and divided by 16 to give the overall probability of becoming ice-
free based on the Bedmap2 ice thickness layer. To generate estimated future ice-free 
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layers for each of the three climate scenarios we used a majority decision rule, where 
only cells with 50% or greater probability of melting were included in our future ice-
free layers. We then used binary rasters as our output to indicate whether or not a cell 
was ice-free. While this method still has the potential to both underestimate and 
overestimate the true number of cells that are likely to become ice-free, we believe 
simulating a range of values and using the majority rule represents a realistic yet 
conservative approach to making these predictions. Increasing the number of direct 
measurements of ice thickness around ice-free areas would help to reduce uncertainty 
in future models of these regions. We were not able to account for glacial retreat or 
positive feedback cycles in our models, where increasing meltwater can further 
increase surface melt (Barrand et al. 2013) and retreating glaciers accelerate the 
retreat of other glaciers (Rott et al. 2002; Pritchard et al. 2012). These processes all 
probably accelerate ice melt and therefore reinforce the conservative nature of our 
estimates of ice-free area expansion. 
 
Future ice-free layers 
Cells projected to be ice-free were extracted and all contiguous cells (including cells 
that touch only diagonally) were assigned to the same ‘region group’ using ArcMap 
10.3. The raster cells were then converted to polygons and dissolved by region group. 
Each group of contiguous raster cells now represents a single polygon. 
 
As ice melt doesn’t follow the strict geometric lines of raster cells, polygon smoothing 
was necessary to remove the polygon edges remnant of the cells. After multiple trials, 
polynomial approximation with exponential kernel (PAEK) smoothing (3 km tolerance; 
ArcGIS tool) was applied to each new polygon layer. This smoother best fitted the 
scale of the ADD Version 7 medium resolution ice-free layer. We then merged these 
layers with the current ice-free layer to generate the final future ice-free layers. These 
layers generated using the model subset ensemble mean have been made available 
through the Australian Antarctic Data Centre (AADC; 
http://dx.doi.org/10.4225/15/585216f8703d0).  
 
Metrics 
To summarize the predictions in a biologically meaningful manner, we used the 
ACBRs (Terauds et al. 2012; Terauds & Lee 2016), which identify biologically distinct 
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regions across the continent and provide an appropriate scale to develop and apply 
conservation management. We combined the interspersed ACBR 1 and ACBR 3 to 
facilitate our analyses of physical changes and connectivity, and hereafter refer to this 
as ACBR 3a (north Antarctic Peninsula). The ACBRs are a commonly used spatial 
framework for Antarctic research, management and policy, and have been endorsed 
by the Antarctic Treaty System (ATS; Fraser et al. 2014; Shaw et al. 2014; Chown et 
al. 2015; Terauds & Lee 2016). 
 
Each polygon in the future ice-free layers was assigned to an ACBR via a spatial join 
with the current ice-free layer. We generated metrics describing the extent and 
connectivity of ice-free areas, at a continental and bioregional scale (Appendix 2.10). 
Metrics were generated using ArcGIS (v10.3). 
 
Statistics 
We used one-way analysis of variance (ANOVA) within each ACBR to test for 
differences in ice-free metrics (Appendix 2.10) under the different RCP scenarios, 
using R version 3.2.3 (R Core Team 2016). Results presented in the main manuscript 
refer only to RCP4.5 and RCP8.5 using the model subset ensemble mean. Projected 
new ice-free area from the full-ensemble ER mean projections are shown in Appendix 
2.8b and Appendix 2.9. 
 
Data availability 
The future ice-free layers generated using the model subset ensemble mean have 
been made available through the Australian Antarctic Data Centre 
(http://dx.doi.org/10.4225/15/585216f8703d0). 
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Results and Discussion 
 
Across the Antarctic continent, it is the Antarctic Peninsula that shows the greatest 
projected future changes in climate by the end of the century (Fig. 2.1; Appendix 2.11), 
perhaps not surprising given the rapid climate change already observed in this region 
(Vaughan et al. 2003; Convey 2010; Mulvaney et al. 2012). Increases in degree days 
and the attendant ice melt are mostly restricted to coastal regions and are heavily 
concentrated around the Antarctic Peninsula (Fig. 2.1a). The greatest projected 
changes in precipitation are also over the Peninsula, potentially increasing by over 
400 mm per year in some areas (Fig. 2.1b). 
 
 
Figure 2.1 | Projected 21st century climate change in Antarctica between 2014 
and 2098 under RCP8.5. a) Change in degree days, b) Change in precipitation rate 
(mm per year), c) Projected melt (m) using mean melt coefficients (see Methods). 
RCP4.5 is provided in Appendix 2.11.  
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Concomitant with these projected climate changes across the Peninsula are marked 
changes in ice coverage. Ice and snow melt largely reflects the projected change in 
degree days (Fig. 2.1c), and for most of the continent is predicted to be less than 1 m 
by the end of the century. By contrast, we predict over 5 m of melt in some Peninsula 
areas, where melt far outweighs the increasing precipitation. These results are 
consistent with ice sheet and surface mass balance (SMB) models of Antarctica (Hock 
et al. 2009; Lightenberg et al. 2013; DeConto & Pollard 2016). For example, studies 
found increased SMB across most of the continent owing to increased snowfall 
(Ligtenberg et al. 2013), decreased SMB and increased run-off in the Antarctic 
Peninsula (Ligtenberg et al. 2013), and triggering of extensive surface meltwater as a 
result of increasing summer air temperatures, leading to major retreat and thinning of 
outlet glaciers and ice shelves in the Antarctic Peninsula and across the West Antarctic 
Ice Sheet (DeConto & Pollard 2016). 
 
We predict that melt across the Antarctic continent will lead to the emergence of 
between 2,100 and 17,267 km2 of new ice-free area by the end of this century 
(Appendix 2.8), with the upper bound representing nearly a 25% increase in total area. 
More than 85% of this new ice-free area will emerge in the North Antarctic Peninsula 
bioregion, with some also emerging in isolated pockets along the East Antarctic 
coastline (Fig. 2.2; Appendix 2.12). For the Peninsula, this could mean an almost 
threefold increase of total ice-free area under the most severe scenario (RCP8.5), 
which the globe is on track to meet if emissions are not substantially reduced (Peters 
et al. 2013). 
 
The South Orkney Islands are projected to become completely ice-free in five of the 
six melt scenarios (Fig. 2.3), with a global temperature rise beyond 2 C leading to a 
fourfold increase in ice-free area for this bioregion (contrast with RCP2.6 in Appendix 
2.9 and Appendix 2.8b, where the bioregion is scarcely affected). This will result in a 
complete transformation of the physical environment, with the emergence of new 
habitat providing new dispersal and colonization opportunities for the region’s biota 
and possibly non-native species. 
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Figure 2.2 | New Antarctic ice-free area (km2) predicted to emerge between 2014 
and 2098 under climate forcing scenario RCP8.5. Mean melt coefficients used to 
determine the melt rate. Grid cell resolution is 50 km in the continental map and 10 km 
in the Antarctic Peninsula inset. Mean melt scenario for RCP4.5 is provided in 
Appendix 2.12.  
 
The Transantarctic Mountains (ACBR 10) currently contain the largest amount of ice-
free area on a bioregional scale (Fig. 2.3; Appendix 2.13 and 2.14), yet even under 
RCP8.5, this bioregion is likely to experience very little change by the end of the 
century. In contrast, ice-free area in the northern portion of the Antarctic Peninsula 
(ACBR 3a) will undergo substantial expansion (Fig. 2.3; Appendix 2.13 and 2.14) and 
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our predictions indicate that in the future it could contain the largest amount of ice-free 
area of any bioregion (Fig. 2.3; Appendix 2.13). The spatial changes exhibited by the 
North Antarctic Peninsula are depicted in Fig. 2.4, illustrating the mass expansion of 
ice-free area under climate change. There will also be some change in the South 
Orkney Islands (ACBR 2), the Central-south Antarctic Peninsula (ACBR 4) and East 
Antarctica (ACBR 7), but little change across most other bioregions (Appendix 2.13). 
 
 
Figure 2.3 | Current and future ice-free area (km2) in each Antarctic Conservation 
Biogeographic Region. Estimates of future ice-free area are provided for two 
different climate change scenarios (RCP4.5, RCP8.5), using the model subset 
ensemble mean projections (see Methods). Bars represent total area using the mean 
ice melt coefficients, while error bars represent the lower and upper bounds, 
respectively (total projected ice-free area using lowest and highest ice melt 
coefficients; see Methods). Bar colours correspond to map locations of bioregions. 
Full-ensemble ensemble regression mean model results are provided in Appendix 2.9. 
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Figure 2.4 | Projected cumulative changes in ice-free area size and distribution 
for North Antarctic Peninsula (ACBR 3a). Current ice-free area (a), and projections 
for the year 2098 under two climate change scenarios: RCP4.5 (b) and RCP8.5 (c). 
 
The number of individual ice-free patches in Antarctica are projected to decrease by 
nearly 3,000 as patches coalesce (marked reductions in the north Antarctic Peninsula 
and South Orkney Islands, and smaller reductions across bioregions 4, 5 and 16; 
Appendix 2.13), which is also consistent with an increase in mean patch size 
(Appendix 2.13). In the North Antarctic Peninsula, mean patch area increases 
significantly by the end of the century under RCP4.5 and RCP8.5 (Appendix 2.15a 
and 2.16), the total ice-free area could increase by > 9,000 km2 under RCP4.5, and > 
14,500 km2 under RCP8.5 (upper bound: Appendix 2.15b) and number of patches 
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decreases with the severity of the RCP scenario (Appendix 2.15c). Distance to nearest 
neighbouring ice-free area decreases in some bioregions owing to edge melt 
(expansion of existing patches, for example, ACBR 2 and 7) but increases in other 
bioregions as nearby patches coalesce (yet this still reduces distance to the neighbour 
that is currently considered the closest, for example, ACBR 3a; Appendix 2.13 and 
2.15d). However, in both cases these changes portend an increasingly connected 
landscape with reduced isolation of ice-free patches. This is in stark contrast to a trend 
of decreasing connectivity and increasing habitat fragmentation frequently seen in 
response to climate change and anthropogenic impacts across the rest of the globe 
(Heller & Zavaleta 2009; Rubidge et al. 2012). 
 
Implications for biodiversity 
 
Climate-driven expansion of ice-free area will uncover a substantial amount of 
potential new habitat for species and decrease the distance between patches, 
increasing connectivity. Despite the profound potential consequences for native fauna 
and flora, these impacts have scarcely been explored (see Olech & Chwedorzewska 
2011 for one example). Using existing biodiversity knowledge and considering all 
terrestrial taxa, we propose hypotheses on potential biodiversity impacts at various 
scales—from bioregional to species level. 
 
Habitat expansion and increasing connectivity might generally be interpreted as a 
positive change for biodiversity (Heller & Zavaleta 2009); however, in Antarctica it is 
not known if the potential negative impacts will outweigh the benefits. While the 
expansion of available habitat and merging ice-free areas will undoubtedly enable 
some native species access to new resources and to colonize new space, potentially 
reducing stressors on native species, the increasing connectivity could have 
destabilizing impacts on ecological communities, for example via the spread of 
invasive species, which already pose a substantial threat to native biota (Chown & 
Convey 2007; Convey 2011; Chown et al. 2012b) Colonization of newly exposed 
habitat has already been observed in the Antarctic Peninsula, where rocks recently 
exposed by snow melt have been subsequently colonized by Rhizocarpon lichens 
(Golledge et al. 2010), or where the invasive grass Poa annua has colonized new ice-
free land near Ecology Glacier (Olech & Chwedorzewska 2011). Evidence from both 
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the sub-Antarctic and Antarctic suggests that P. annua may begin to outcompete 
native species (Chown et al. 2012b; Molina-Montenegro et al. 2012; McGeoch et al. 
2015). 
 
Within bioregions (where there is often far less difference in taxonomic diversity than 
across bioregions (Terauds et al. 2012; Terauds & Lee 2016), native species may be 
able to establish new local populations or increase gene flow between existing 
populations. This has been demonstrated from previous glacial recessions, where 
populations of the formerly isolated springtail Gomphiocephalus hodgsoni in the 
McMurdo Dry Valleys (north Victoria Land) recolonized surrounding areas, increasing 
gene flow as the populations once again became sympatric (Collins & Hogg 2016). 
However, as the climate warms, metabolic studies suggest that some G. hodgsoni 
lineages may begin to outcompete others owing to the genetic and physiological 
adaptations accumulated during allopatry, which in the long term could cause 
populations to homogenize as genetic variation is lost (Collins & Hogg 2016). 
 
Antarctic climate change may produce both winners and losers. For example, the 
distributions of Adélie (Pygoscelis adeliae) and emperor (Aptenodytes forsteri) 
penguins are already contracting poleward concomitant with declines in sea ice extent 
(Forcada & Trathan 2009), while populations of the two vascular plants on the 
Antarctic Peninsula (Colobanthus quitensis and Deschampsia antarctica) are rapidly 
expanding at some sites (Frenot et al. 2005; Chown & Convey 2007; Cannone et al. 
2016). Microbial taxa may also benefit, where closer ice-free patches facilitate spore 
dispersal and a warming climate provides opportunities for alien microbes to establish 
themselves (Frenot et al. 2005). Other winners will probably include non-native 
species (Chown et al. 2012b; Molina-Montenegro et al. 2012; McGeoch et al. 2015). 
 
The specialized life history strategies of Antarctic species that give them the ability to 
adapt to environmental extremes in an isolated environment put them at increased risk 
from invasive species (Chown & Convey 2007; Convey et al. 2009a), which are 
typically highly adaptable with rapid life cycles (van Kleunen et al. 2010). Invasive 
species have the potential to increase competition in isolated regions, where native 
species may become subject to biological interactions that they have not experienced 
for much of their evolutionary history (Molina-Montenegro et al. 2012). The Antarctic 
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Peninsula region already represents the highest risk for establishment of non-native 
species across the continent (Chown et al. 2012b), and in fact already contains the 
highest number of established non-native species (McGeoch et al. 2015). 
Furthermore, the region is already experiencing severe glacial and ice-shelf retreat 
(Cook & Vaughan 2010). The increasing connectivity throughout the Antarctic 
Peninsula may even allow some species to cross bioregional boundaries, where large-
scale habitat expansion could eventually lead to localized homogenization of terrestrial 
biodiversity across bioregions. 
 
Given the minimal changes in degree days and precipitation (Fig. 2.1), ice-free areas 
across the rest of the Antarctic mainland will probably be largely unaffected by climate 
warming in this century, with some expansion projected only in East Antarctica. This 
implies minimal biodiversity impacts in these bioregions until temperature increases 
driven by climate change begin to substantially affect ice melt in mainland Antarctica 
(Bracegirdle et al. 2008; Hawkins & Sutton 2012). Changing climate conditions may 
also begin to impact growth and movement of biota through changes in the distribution 
of energy, such as sunlight, radiation and wind (Chown et al. 2015; Robinson & 
Erickson 2015). For example, low temperatures are thought to limit Antarctic bryophyte 
reproduction, therefore an ameliorating climate will probably increase sporophyte 
production and dispersal opportunities for some species, ultimately influencing their 
potential distribution (Robinson et al. 2003). Considering the broad biological divide 
between the Peninsula and mainland Antarctica, entire groups of species south of the 
Gressitt Line (Chown & Convey 2007; Convey et al. 2014) may be shielded from the 
direct effects of climate change in this century. High levels of endemism could 
therefore be maintained in some parts of Antarctica, while the Peninsula regions begin 
to locally homogenize. 
 
Beyond 2100, as the anthropogenic signal of climate change becomes more 
pronounced across the entire Antarctic continent (Bracegirdle et al. 2008; Hawkins & 
Sutton 2012) we might expect mainland Antarctica to eventually experience more 
substantial transformation of ice-free areas. The physical expansion of ice-free areas 
over multiple centuries has the potential to severely affect native biodiversity, and 
mainland bioregions may be put at further risk of invasive species establishment and 
increased competition, possibly leading to growing homogenization and extinctions of 
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terrestrial biodiversity across the entire continent. This highlights the need for 
continued monitoring and modelling of Antarctic ecosystems as climate change 
progresses and longer-term projections become available. Although global emissions 
are currently tracking the highest greenhouse gas emissions scenario (RCP8.5; Peters 
et al. 2013), if emissions can be reduced, and anthropogenic temperature increases 
kept to <2 C (as per the Paris Agreement; UNFCCC 2015), then the impacts on ice-
free habitat and its dependent biodiversity are likely to be reduced. 
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Chapter 3 | 21st century sea-level change impacts on Antarctica 
 
Jasmine Lee, Steven Chown, Richard Fuller, James Watson, Aleks Terauds 
 
Twenty-first century sea-level change is of growing societal and conservation 
concern worldwide, yet potential impacts on Antarctica have been largely 
overlooked. Neither infrastructure or conservation planning for the continent 
incorporate environmental change, yielding the potential for profound 
economic and conservation costs through poor decision-making. Here we 
assess the potential risk of sea-level change impacting on Antarctic biodiversity 
and human activity, using three sea-level rise scenarios (0.5 m, 1 m, 2 m) and 
two sea-level fall scenarios (0.5 m, 1 m). If sea level were to rise by 2 m, up to 
68% of breeding penguin colonies, 60% of Antarctic Specially Protected Areas, 
58% of Important Bird Areas, 40% of research infrastructure, and 74% of tourist 
landing sites would be at risk of partial or complete inundation, and a 1 m sea-
level fall could see nearly 7,500 km2 of new land exposed and biodiversity and 
human activity sites an average of 58 m further away from the coast. 
Simultaneous impacts on biodiversity and human activity could compel both 
humans and terrestrial species to move, intensifying area-mediated interactions 
with potentially significant risks to biodiversity. We identify high-risk sites that 
urgently need careful planning to minimise human-biodiversity conflict as sea-
level change progresses. 
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Introduction 
 
Climate change is driving sea-level rise (SLR) that threatens coastal infrastructure and 
ecosystems globally (Jevrejeva et al. 2016; Chown & Duffy 2017; Slangen et al. 2017). 
Rising seas will increase the impact of storm surges and flooding (Woodruff et al. 2013; 
Kopp et al. 2014), and ultimately inundate vast swathes of coastal land, including cities 
and productive farmland (Chown & Duffy 2017). Without adaptation, sea-level change 
could potentially cost the global economy more than US$1 trillion annually by 2050 
(Hallegatte et al. 2013) and a rise of 2 m could displace up to 75 million people 
worldwide, with 20 million of these located in urban centres (Chown & Duffy 2017). 
Biodiversity will also be heavily impacted, with protected areas and known biodiversity 
hotspots already identified as being at risk (Bellard et al. 2014; Chown & Duffy 2017). 
Enormous attention has focused on Antarctica’s contribution to global SLR through ice 
melt (Ligtenberg et al. 2013; Golledge et al. 2015; DeConto and Pollard 2016; Bakker 
et al. 2017), yet the potential impacts of changing sea-levels on human activity and 
biodiversity in Antarctica itself remain unknown. 
 
Human activity continues to grow in the Antarctic, with an increasing number of tourists 
visiting the region and new research facilities (stations, field camps and runways) 
proposed or built almost every year. With over 50,000 visitors in the most recent 
season (IAATO 2018), the Antarctic tourism industry is now generating a minimum 
$500 million USD annually (based on a minimum spend of $10 k per person), whilst 
National Antarctic Programs continue to invest millions in building and maintaining 
infrastructure. A new research station typically costs in excess of $100 million USD 
(KOPRI 2014). The relative stability and easy access from the coast make coastal ice-
free areas the preferred sites for human activities on the continent, with over 70% of 
research facilities and 90% of tourist landing sites located within 5 km of the coastline.  
 
Much of Antarctica’s terrestrial biodiversity, including seabirds, seals, plants and 
invertebrates, is also concentrated in ice-free areas. Low-lying coastal ice-free areas 
are warmer, wetter, and consequently more biodiverse than their inland counterparts 
(Convey 2006; Convey 2009a; Convey 2013). Connectivity of ice-free areas and 
physiology limit dispersal for most terrestrial organisms (Colesie et al. 2014; Convey 
et al. 2014), and whilst seals and seabirds are highly mobile and can easily disperse, 
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entire colonies of nesting penguins have been observed to lose eggs and chicks with 
flooding from meltwater after storms (McClintock et al. 2008).  
 
The cost of adapting to changing sea-levels will likely be enormous given the potential 
need to rebuild and relocate critical infrastructure, identify new tourist landing sites, 
and adequately conserve coastal biodiversity. National Antarctic Programs and tourist 
operators currently use environmental impact assessments to determine the potential 
impacts of new infrastructure, yet rarely account for the consequences of dynamic 
environments and longer-term environmental change (excepting determining the risk 
of melt for ice runways; Environment Protocol, Annex 1, 1991; Bastmeijer & Roura 
2007; Tin et al. 2014). One such example is the United Kingdom’s Halley VI station 
that has been revised from a year-round station to summer only after multiple moves 
due to expanding cracks in the Brunt ice shelf (Barnes et al. 2018).  
 
Climate change has the potential to impact on infrastructure and human activity in both 
the short and long term via temperature and precipitation changes, glacial and ice-
sheet deterioration and retreat, expansion of ice-free areas, and sea-level change. 
Meltwater can change watercourses and erode soils (Haeberli & Beniston 1998), 
potentially undermining infrastructure, as well as impacting on terrestrial ecosystems 
long after the event (Gooseff et al. 2017). Thawing permafrost in the Arctic has already 
lead to damage of infrastructure and facilities (Nelson et al. 2001) and may need to be 
considered for the Antarctic also. Deteriorating ice can shift entire facilities (e.g. 
Argentinian Belgrano I Station drifted out to sea as the ice shelf it was located on 
naturally deteriorated), expansion of ice-free areas can increase connectivity and 
facilitate the spread of non-native species (Lee et al. 2017), and sea-level change may 
inundate infrastructure or cause logistic challenges. 
 
Given the huge potential economic, tourist, scientific and biodiversity consequences, 
an impact assessment of sea-level change in Antarctica is urgently needed to 
effectively plan for and mitigate the impacts on the coupled social-ecological systems 
along the Antarctic coastline. Incorporating sea-level change into planning of future 
sites for human land use and conservation reserves for threatened biodiversity should 
be of high priority to the Antarctic community and global governance. 
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Rise or fall? 
 
Global mean sea-level (GMSL) is currently on the rise, resulting from melting terrestrial 
ice sheets and glaciers, changes in ocean dynamics, thermal ocean expansion and 
changes in terrestrial water storage (Kopp et al. 2014; Jackson & Jevrejeva 2016). 
Recent studies project maximum GMSL to increase more than a metre by the end of 
this century under a ‘business as usual’ climate forcing scenario (Representative 
Carbon Pathway [RCP] 8.5; Kopp et al. 2016; Jackson and Jevrejeva et al. 2016; 
Nauels et al. 2017; Mengel et al. 2016), and some have predicted a rise of over 2 m 
(e.g. Le Bars et al. 2017; Wong et al. 2017). Yet sea-level will not rise uniformly across 
the globe (Kopp et al. 2014; Kopp et al. 2015), with for example the gravitational pull 
of ice sheets and subsidence (i.e. glacial isostatic adjustment, tectonic movement and 
sediment compaction) playing a key role regionally in determining relative sea level 
(Kopp et al. 2014; Jackson & Jevrejeva 2016). In fact, relative sea level may even fall 
around diminishing major ice sheets (such as Greenland and the Antarctic Peninsula) 
due to glacial isostatic adjustment (ongoing continental uplift from Last Glacial 
Maximum), crustal uplift due to the rapid unloading of ice (rapid uplift in response to 
ice loss), and migration of water away from the shrinking ice sheets due to reduced 
gravitational pull (Mitrovica et al. 2009; Tamisiea & Mitrovica 2011; Kopp et al. 2015). 
Projections of sea-level change for some regions is uncertain, particularly with regards 
to the future of the West Antarctic Ice Sheet (WAIS), which is the major source of 
variance in most projections (Kopp et al. 2015; Scambos et al. 2017). If the WAIS were 
to unexpectedly collapse, then a potential fall in sea level around the Antarctic 
Peninsula may be expected, yet if the WAIS remains stable then it might rise (Slangen 
et al. 2014; Hay et al. 2015). 
 
Here we assess the potential impacts of sea-level change on Antarctic tourism, 
scientific research facilities and terrestrial biodiversity using three sea-level rise 
scenarios (0.5 m, 1 m, 2 m) and two sea-level fall scenarios (0.5 m, 1 m). 
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Methods 
 
Sea-level Change Scenarios 
Much regional variation in sea-level change is anticipated (Slangen et al. 2014; Kopp 
et al. 2015), as a result of surface winds, ocean currents and thermal expansion 
(Turner et al. 2009; Church et al. 2011). Research on ‘sea-level fingerprints’ suggest 
sites of melt sources (such as around the West Antarctic Ice Sheet: WAIS, and 
Greenland Ice Sheet: GIS) could have a below average rise in sea level, or even 
experience a fall in sea-level (Mitrovica et al. 2009; Tamisiea and Mitrovica 2011; Kopp 
et al. 2015). To maintain equilibrium, a fall in sea-level must be accompanied by a rise 
in other parts of the globe (Mitrovica et al. 2009; Church et al. 2011; Tamisiea and 
Mitrovica 2011; Hay et al. 2014;). If the WAIS were to collapse, or experience rapid 
ice loss, sea levels in the Northern Hemisphere would rise to above the global mean, 
and vice versa if the GIS were to collapse (Mitrovica et al. 2011; Hay et al. 2014; Hay 
et al. 2017). While global projections of regional sea levels must incorporate melt from 
both ice sheets and glaciers, high uncertainty regarding the future behaviour of the 
WAIS is reflected in uncertain projections of sea levels around the WAIS and Antarctic 
Peninsula (Church et al. 2011; Pereette et al. 2013; Kopp et al. 2015; Scambos et al. 
2017). Several studies have projected global sea level fingerprints for 2100 and whilst 
they generally agree on a rise around most of the Antarctic coastline, a fall is predicted 
around the Antarctic Peninsula in some scenarios (Church et al. 2011; Church et al. 
2013; Kopp et al. 2014; Slangen et al. 2014). However, given none of these projected 
fingerprints are available for use and in the absence of regional projections for 
Antarctic sea-level change, we used five uniform scenarios to investigate potential 
impacts on the Antarctic continent.  
 
Three sea-level rise (SLR) and two sea-level fall (SLF) scenarios were determined as 
appropriate from the range of projected global mean sea level (GMSL) and sea-level 
fingerprint values in the literature. Rahmstorf et al. (2007) predict a maximum global 
SLR of 1.4 m by the end of the century, though Pfeffer et al. (2008) estimate up to 2 
m, when considering the instability of ice sheets, a value once considered the upper 
bound (Convey et al. 2009b; Turner et al. 2009). Horton et al. (2014) surveyed experts 
to produce probabilistic assessments of global sea-level rise by the year 2100 under 
both low and high Intergovernmental Panel on Climate Change (IPCC) Fifth 
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Assessment Report (AR5) carbon forcing scenarios (Representative Concentration 
Pathway [RCP]3.0; where there is drastic reductions in carbon emissions, and 
RCP8.5; the scenario the globe is currently tracking and where emissions continue 
unmitigated). They estimate SLR to be 0.4-0.6 m under RCP3.0, and 0.7-1.2 m under 
RCP8.5. However, DeConto and Pollard (2016) calculate that the Antarctic ice sheets 
alone can contribute more than a metre to global SLR by 2100. There are fewer 
projections regarding relative SLF around Antarctica, though Hay et al. (2015) 
estimate it could be around 0.4 m around the Antarctic Peninsula if the WAIS were to 
rapidly melt. And Kopp et al. (2014) estimate the Juneau icefield in Alaska is likely to 
experience a relative SLF of 0.7 – 1.1 m by the end of the century under the RCP8.5 
climate forcing scenario.  
 
To cover the range of values projected in the published literature and to account for 
uncertainty in estimates, we use three possible SLR scenarios of a) 0.5 m, b) 1 m, and 
c) 2 m, and two possible SLF scenarios of a) 0.5 m, and b) 1 m, to compare potential 
impacts of sea-level change on Antarctica. 
 
Antarctic features 
We investigated the potential impacts of sea-level change on Antarctica by quantifying 
the amount of ice-free area that could be inundated or exposed and identified which 
Antarctic features might be at-risk of SLR or SLF, including research facilities, tourist 
landing sites (TLS), penguin colonies, important bird areas (IBAs) and Antarctic 
Specially Protected Areas (ASPAs).  
 
Permanently ice-free areas make up less than 1% of the continent (Burton-Johnson 
et al. 2016) yet are home to almost all biodiversity and human activity (Chown 
&Convey 2007; Chown et al. 2015). We delineated current ice-free areas using the 
‘medium resolution’ rock-outcrop layer in the Scientific Committee for Antarctic 
Research (SCAR) Antarctic Digital Database (ADD Version 7; www.add.scar.org), and 
utilised projections of future ice-free areas for the end of the 21st century from Lee et 
al. 2017 under a moderate climate forcing scenario (RCP4.5) and a severe scenario 
(RCP8.5) using a mean melt rate.  
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Research Facilities and Tourist Landing Sites 
Facilities data was obtained from the Council of Managers of National Antarctic 
Programs (COMNAP; www.comnap.aq). The data represent locations of research 
stations, field camps and runways used by the global Antarctic science programs. 
Tourist landing site locations were obtained from the International Association of 
Antarctica Tourist Operators (IAATO; www.iaato.org) and represent all sites where 
tourists have landed ten or more times since 1989.  
 
Penguin Colonies 
To determine how sea-level change may impact Adélie penguin (Pygoscelis adeliae) 
colonies, and Antarctic populations of chinstrap (P. antarcticus) and gentoo penguins 
(P. papua), which depend for breeding on ice-free land, we used the population census 
data from the Mapping Application for Penguin Populations and Projected Dynamics 
(MAPPPD; www.penguinmap.com), which is the most comprehensive, up-to-date 
compilation of data available on colony locations and population counts (Humphries 
et al. 2017). To ensure the colony sites were accurately represented on the spatial 
layers (ice-free area layers and digital elevation model) we cross-checked the colony 
point locations (latitude, longitude and location name) against The Scientific 
Committee on Antarctic Research (SCAR) gazetteer 
(https://.data.aad.gov.au/aadc/gaz/scar/). For consistency with other value layers, we 
adjusted any colonies where the MAPPPD latitude/longitude did not match the 
recorded name of the colony location. We also moved any colonies that fell just outside 
the coastline or ice-free areas (and were not recorded as being on an offshore island) 
to the closest ice-free area (most colonies were recorded as being within 2 km of ice-
free), as colony breeding sites should fall on ice-free areas. This resulted in 603 of the 
730 recorded penguin colonies on MAPPPD being included in our analyses (excluding 
those that fall in the South Orkney Islands, Peter 1st Island and Balleny Islands as 
these are not covered by the RAMP Digital Elevation Model; see below). 
 
The population size (number of breeding pairs) per colony were calculated from the 
MAPPPD records. When nest counts (nests are equal to the number of breeding pairs) 
were unavailable we converted chick and adult counts to number of breeding pairs, 
where adult counts were conservatively divided by two and chick counts were also 
divided by two (as Adélies, chinstrap and gentoos are all multi-clutch breeders), 
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though not all chicks are likely to survive to fledging, so this estimate may be 
conservative.  
 
Because penguins are capable dispersers and have previously demonstrated the 
ability to relocate colony sites if required (Forcada & Trathan 2009), we further 
investigated how many gentoo, chinstrap and Adélie colonies are likely to have to 
relocate their colony entirely if sea levels were to rise or whether they could move 
further inland on their current ice-free area. We intersected the penguin colony 
locations with the ‘best resolution’ rock outcrop layer from the ADD to obtain an ice-
free area polygon proxy for each penguin colony. We used the ‘best resolution’ layer 
because this layer captures more of the small offshore rock outcrops that support 
penguin colonies, then the broader ‘medium resolution’ layer does. However, of the 
603 colonies included in the study, only 558 intersected with the ‘best resolution’ layer, 
as some of the small offshore rock outcrops that colonies occur on are still not captured 
by the best resolution ADD layer. We then intersected the ‘penguin colony polygons’ 
with the RAMP DEM to calculate the percentage of each polygon that is at risk of being 
submerged under each of the three sea level rise scenarios. Penguin colonies that 
nest on ice-free areas and were predicted to be completely submerged could be 
considered at higher risk than those who only lose half their ice-free area. 
 
ASPAs and IBAs 
Antarctic Specially Protected Areas (ASPA’s), which were updated in 2016 (Terauds 
& Lee 2016) were obtained from the Australian Antarctic Data Centre (AADC; 
http://dx.doi.org/10.4225/15/572995579CD36). Marine ASPA’s and those of the South 
Orkney and Balleny Islands were excluded from the analysis, as the RAMP DEM does 
not cover outer islands. Information on whether an ASPA contains extensive 
vegetation communities, important seabird colonies, biodiversity hotspots or historic 
sites was obtained from the ASPA management plans (www.ats.aq), which state the 
reason for designation and the values to be protected. Central point locations of 
Important Bird Areas (IBAs) of Antarctica were obtained from Birdlife International 
(Harris et al. 2015; http://www.birdlife.org/datazone/site). Marine IBAs and those of the 
South Orkney and Balleny Islands were excluded from the analysis, as the RAMP 
DEM does not cover outer islands. It is noted that there is some overlap between the 
features contained in the penguin colonies, ASPAs and IBAs, however, it was deemed 
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necessary to include all three in the assessments as each also contains independent 
features. 
 
ACBRS 
We used the Antarctic Conservation Biogeographic Regions (ACBRs; Terauds et al. 
2012; Terauds and Lee 2016) summarise regional variation in sea-level change and 
the associated impacts. The ACBRs cover all Antarctic ice-free areas and represent 
16 biologically distinct regions of the continent and are commonly utilised in Antarctic 
research, management and policy (eg. Shaw et al. 2014, Chown et al. 2015). They 
also provide a suitable scale at which to focus conservation and management actions. 
ACBR 2 (South Orkney Islands) was excluded from SLR analysis because the RAMP 
DEM does not cover this region. 
 
Inundation - RAMP DEM 
We obtained the mean altitude above sea-level of current and future ice-free areas 
and Antarctic values at a 200 m resolution horizontal resolution and 1 m vertical 
resolution using the Digital Elevation Model (DEM) provided by the Radarsat Antarctic 
Mapping Project (RAMP; Liu et al. 2001), which is the best continental Antarctic DEM 
currently available. The RAMP DEM gives integer values, rounded to the nearest 
metre, where this vertical resolution of the DEM prevents the use of more explicit sea-
level rise scenarios (e.g. 1.2 m). There is inherent error in both the vertical and 
horizontal resolution of DEM’s, so in some cases inundation could be over or under 
estimated. Follow up regional assessments of at-risk sites using higher resolution local 
DEM’s (where available) could help to resolve uncertainty. 
 
We extracted the proportion of current and future ice-free areas that had a height of 0 
m, 1 m and 2 m, and considered these as the areas predicted to be inundated under 
the three SLR scenarios respectively (where a height of 0 m would be inundated by 
0.5 m SLR). As all ADD delineated ice-free areas are terrestrial, we assume that any 
pixel with value of 0 m represented low lying ice-free areas that have a true value of 
between 0 - 0.5 m above sea level, but which were rounded down in the RAMP DEM 
(and that a value of 1 represents a true value between 0.5 – 1.5 m; and 2 represents 
a true value between 1.5-2.5 m). We calculated the area at risk of being inundated for 
each SLR scenario and within each ACBR.  
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We intersected RAMP DEM with each of the Antarctic values to determine mean 
altitude above sea level. Antarctic values with a height of 0, 1, or 2 m were considered 
at-risk under the three sea-level rise scenarios respectively. Because point locations 
were used to represent each of the values – for those considered at-risk, it does not 
necessarily mean the entire feature (e.g. ASPA or facility) is at risk of inundation 
(though it may be), depending on the size of the feature it may be only partially 
inundated. Impacts were summarised on continental and bioregional scales. 
 
Exposure – Bedmap2  
To determine how much new ice-free area could be exposed under a SLF of 0.5 m 
and 1 m we used the Bedmap2 subglacial bed elevation layer (Fretwell et al. 2013). 
The Bedmap2 layer was considered more accurate than the International Bathymetric 
Chart of the Southern Ocean (IBCSO; Arndt et al. 2013) for coastal areas because 
IBCSO relies largely on multibeam surveys and nearshore coastal areas have been 
interpolated. Whereas, Bedmap2 is compiled from multiple data sources, including 
bathymetry, ice-thickness and rock outcrop data (see Fretwell et al. 2013 for more 
details).  
 
The Bedmap2 bed elevation has a horizontal resolution of 1 km2 and a vertical 
resolution of 1 m. Because Bedmap2 includes subglacial bed elevation (i.e. bed under 
Antarctic ice-sheets), we masked the layer using the RAMP DEM to exclude the 
Antarctic landmass (i.e. values greater than 0 m in RAMP), therefore representing only 
ocean. We extracted Bedmap2 cells with values of 0 m (would be exposed with a 0.5 
m SLF) and -1 m (exposed with a SLF of 1 m). As with the RAMP DEM, we assumed 
Bedmap2 cells with a value of 0 m have a true value between -0.5 and 0.5 m above 
sea level and have been rounded. In either case these cells are likely to be a part of 
shallow or low-lying coastal areas at risk of exposure and inundation. Because the 
Bedmap2 layer has a horizontal layer of 1 km, the estimates of newly exposed ice-
free area are likely to be an overestimate of true exposure, though on a continental 
scale we considered 1 km to be an appropriate resolution. We summarised the amount 
of newly exposed ice-free area at bioregional and continental scales.  
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We used the ADD high-resolution coastline shapefile to determine whether the 
distance to coast changes for Antarctic values with SLF scenarios. We merged the 
coastline shapefile with the extracted 0 and 1 m cells and then dissolved them to create 
a new coastline for a 0.5 m SLF and 1 m SLF. Distance to coastline was calculated 
using the current coastline file and each of the SLF coastline files. The current distance 
was subtracted from the SLF distances to calculate the change in distance to coastline 
for each feature and was then averaged across features and ACBRs. 
 
High-risk sites 
The layers of at-risk ice-free area under 2 m of SLR and the exposed area under 1 m 
SLF were overlaid with 20 km grid cells to determine which cells contained area at risk 
of both rise and fall (the at-risk area did not have to cover the entire cell). The number 
of Antarctic values falling within each cell was calculated and the at-risk cells with the 
highest number of Antarctic values were determined to be high-risk sites.  
All analysis was carried out using ArcGIS (V10.4) and R version 3.4.3 (R Core Team 
2017). 
 
Results and Discussion 
 
Changing sea levels may have substantive impacts on Antarctica. New coastal ice-
free areas are projected to emerge as climate change progresses and ice melts (Lee 
et al. 2017), yet those same ice-free areas could also be inundated if sea-levels rise. 
If ice-free areas were to remain unchanged until the end of this century (current 
configuration), sea-level rise of 0.5 m would still inundate over 1,000 km2 of ice-free 
land, yet only slightly more (1,200 km2) under 2 m of rise (Appendix 3.1 and 3.2a). 
However, if we consider the impact of sea-level rise on projections of future ice-free 
areas emergent in a warming climate, the amount inundated could more than double, 
with potentially more than 2,500 km2 at risk under RCP8.5 and 2 m of SLR by the end 
of this century (Fig. 3.1; Appendix 3.2a). This equates to 10% of the ice-free area 
located within 5 km of the coast. Conversely, if sea levels were to fall 0.5 m, a further 
~3000 km2 of new ice-free could be exposed around the coast, and over 7,500 km2 
exposed with a 1 m fall (though this is likely to represent maximum estimates; Fig. 3.1; 
Appendix 3.2b) 
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Figure 3.1 | Ice-free area at risk of sea-level change impacts across Antarctica; 
a) ice-free area at risk of inundation under 2 m sea-level rise (ice-free area projected 
for 2100 under severe climate forcing scenario RCP8.5); b) potential sites of new ice-
free area exposure under a 1 m sea-level fall. Grid cell resolution is 20 km. Ice-free 
area at risk of inundation under 0.5 m sea-level rise and using current configuration of 
ice-free areas is provided in Appendix 3.1. 
 
On the regional scale of the Antarctic Conservation Biogeographic Regions (ACBRs; 
Terauds et al. 2012; Terauds & Lee 2016), sea-level rise will have the largest impacts 
in the North-west Antarctic Peninsula (ACBR 3; Appendix 3.3a), where over 1,400 km2 
of ice-free area could be at risk. Close to 500 km2 of further ice-free land may be 
inundated on the eastern Antarctic coastline (ACBR’s 5, 7, 16; Appendix 3.3a). The 
greatest sea-level fall impacts will be seen in Adélie Land (ACBR 13), the North-west 
Antarctic Peninsula (ACBR 3) and East Antarctica (ACBR 7), with over 2,400 km2, 
1,350 km2 and 1,250 km2 ice-free land exposed respectively (Appendix 3.3b).  
 
Given the large number of Antarctic features situated on the coast, sea-level change 
may overlap with substantial numbers of terrestrial biodiversity and human activities 
(Fig. 3.2; Appendix 3.4 – 3.7).  
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Figure 3.2 | Antarctic features at risk of inundation by sea-level rise; a) Science 
facilities; b) Adélie penguin colonies; c) Antarctic Specially Protected Areas (ASPA’s). 
Continental maps display features at risk (red) and safe (green) under 2 m sea-level 
rise, with North Antarctic Peninsula inset. Bars represent total number of features at 
risk per Antarctic Conservation Biogeographic Region (ACBR). ACBR’s without 
features at risk do not have a bar. Symbols on the ASPA bars depict the primary 
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reason ASPAs were designated: extensive vegetation communities, important seabird 
habitat, known invertebrate hotspots and historic sites respectively. 
 
Up to 35 (33%) research facilities may be impacted by 0.5 m of SLR and 43 (41%) by 
2 m (Fig. 3.2a; Appendix 3.8). Over thirty of these are located in the North-west 
Antarctic Peninsula (ACBR 3), including Palmer, Carlini and Great Wall stations. Other 
at-risk facilities fall across several ACBRs and include Dumont d’Urville, Syowa, Scott, 
and Mawson stations (Fig. 3.2a). Conversely, if sea level were to fall, Antarctic facilities 
could be left more than 70 m on average further from the coast (Fig. 3.3). As the 
facilities assessment was based on point locations, it is possible in many cases that 
some low-lying buildings within the precinct are at-risk, while others located upslope 
are not. Some facilities may also have been mis-identified as safe if the point location 
happened to fall upslope. Detailed regional assessments will help to resolve this 
uncertainty. 
 
Antarctic research relies heavily on safe and stable stations and field camps to support 
scientific programs and changing sea levels will have multiple implications for the 
National Antarctic Programs that operate on the continent. Whilst these include the 
more obvious logistical challenges of relocating or constructing new infrastructure, it 
may also impact shipping routes and traditional resupply practices, such as running 
refuelling lines for ship-to-shore operations. The Environment Protocol also requires 
National Antarctic Programs to remove old or damaged infrastructure, which comes at 
a substantial cost to the program. Changing sea levels will result in an increase in 
planning and management challenges, with the potential for increased pollution from 
impacted sites, and increased pressure on biodiversity as new sites are selected.  
 
Antarctic tourist operations are also likely to be impacted. Over 110 (78%) of the most 
popular tourist landing sites are at risk of inundation impacts with a 2 m SLR scenario 
(Appendix 3.4). Over 100 of these are located in the north Antarctic Peninsula (ACBR 
1 and 3), including the popular Whalers Bay, Hannah Point and Cuverville Island sites. 
The distance to the coast may increase by more than 80 m on average for current 
tourist landing sites if sea levels were to fall (Fig. 3.3), potentially making it harder to 
access key tourist attractions. Changes in bathymetry may also impact ship navigation 
with increased potential for environmental or safety incidents. While tourist ships may 
49 
 
have multiple options for landing elsewhere, changes in this regard will require impact 
assessments to ensure landings do not occur in sensitive biodiversity areas, 
particularly as tourist landing sites are often situated near penguin colonies. 
 
 
Figure 3.3 | The average increase in distance to coastline for five Antarctic 
features under two sea-level fall scenarios (<1 m, 1 m). See average change in 
distance by ACBR in Appendix 3.9. 
 
As for human activity, coastal biodiversity may also be substantially impacted by sea-
level change, particularly seabird colonies that rely on ice-free areas for breeding. Two 
metres of SLR may place up to 174 (75%) Adélie, 185 (78%) chinstrap and 74 (77%) 
gentoo penguin breeding sites at risk of partial or complete inundation (Fig. 3.2b; 
Appendix 3.5), impacting substantial proportions of the Antarctic populations of these 
species (Fig. 3.4). Such a loss of breeding colonies would represent 60% of Adélie, 
80% of chinstrap and 85% of gentoo penguin breeding pairs in Antarctica (Fig. 3.4). 
For the chinstraps and gentoos, this represents 29% and 25% of their global 
populations respectively (Convey et al. 1999, IUCN 2017). For all penguin species 
combined there are nearly two million breeding pairs at risk in the North Antarctic 
Peninsula alone (ACBR 1 and 3), and an additional 1.5 million Adélie pairs at risk 
across the rest of the continent (Appendix 3.6a).  
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Figure 3.4 | Percentages of Antarctic populations at risk of inundation under 2 
m of sea-level rise for Adélie, chinstrap and gentoo penguins respectively. 
 
Despite displaying high levels of site fidelity (Ballerini et al. 2015), penguins tend to be 
highly mobile and are known to abandon and colonise breeding sites in response to 
climatic changes and extreme events (Emslie et al. 2007; Forcada & Trathan 2009; 
Roberts et al. 2017). For colonies with large nesting areas they may be able to relocate 
upslope as sea-levels rise, though those nesting on smaller patches of ice-free area 
may be forced to abandon sites and find new nesting locations altogether. Using the 
underlying ice-free areas as proxies for each colonies’ breeding area, and under a 2 
m SLR scenario, an average 62% of the breeding area for Adélies, 67% of breeding 
area for chinstraps and 60% of breeding area for gentoos is at risk of complete 
submersion (Appendix 3.6b). Indeed, most penguin colonies (379 or 68%) are 
predicted to have more than 90% of their breeding ice-free area submerged under a 
0.5 m SLR scenario. This is conservative as it does not account for storm surges which 
may temporarily rise local sea levels by several metres (Kopp et al. 2014). This is 
particularly relevant for Adélies, chinstraps and gentoo penguins, which are known to 
be highly susceptible to catastrophic events, including nest site flooding (McClintock 
et al. 2008; Ballerini et al. 2015; Cimino et al. 2016). 
 
Conversely, a sea-level fall of 1 m could increase the distance to the coastline of 
current colony locations by an average of 48 m for all penguin colonies (Fig. 3.3) and 
produce over 7,500 km2 of new low-lying coastal ice-free area, potentially altering or 
increasing access routes (Roberts et al. 2017), and changing the available habitat 
suitable for nesting (Roberts et al. 2017). Ice-shelf collapse could further expose 
51 
 
currently inaccessible coastline (Ainley et al. 2010) and create new opportunities for 
nesting. In either case, large-scale movement of penguin colonies may increase 
competition for primary food sources (i.e. Antarctic krill Euphausia superba; Kokubun 
et al. 2010; Trivelpiece et al. 2011) and place further pressure on populations already 
subject to climate change impacts (Ainley et al. 2010; Lynch et al. 2012; Clucas et al. 
2014; Ballerini et al. 2015). However, the severity of the impact may depend on how 
rapidly sea-level change occurs, with the chance that highly mobile penguins are able 
to adapt. 
 
Other breeding seabirds, such as south polar skuas (Catharacta maccormicki) and 
greater sheathbills (Chionis albus), may be subject to similar pressures. Indeed, using 
Important Bird Areas (IBAs; Harris et al. 2015) to represent hotspots of important 
seabird populations on the Antarctic contfinent, a sea-level rise of 2 m could place 90 
(58%) IBA’s at risk (Appendix 3.7), whilst SLF could place them an average of 38 m 
further from the coastline (Fig. 3.3). A similar story is predicted for Antarctic Specially 
Protected Areas (ASPAs), where 40 (60%) could be at risk of inundation under 2 m of 
SLR, half of which are located in the North-west Antarctic Peninsula (ACBR 3), and 
the rest spread throughout the Ross Sea Region and along the east Antarctic coastline 
(Fig. 3.2c). Of the ASPA’s at risk, 19 are known to be home to extensive vegetation 
communities, 26 to important seabird colonies, seven are known hotspots for 
invertebrates and five protect historic sites (Cape Adare huts, Granite House, Terra 
Nova Hut, Cape Royd’s hut and the Mt Erebus tomb; Fig. 3.2c). The impact of sea-
level rise on ASPAs, even if not completely submerged, will impact the values they 
were designated to protect and their ability to protect rich biodiversity and heritage 
values, providing further incentive to revise the current Antarctic protected area 
network (Shaw et al. 2014; Hughes et al. 2015). 
 
With ice-free areas and ASPA’s as proxies for terrestrial biodiversity, it is clear it’s not 
just vertebrates that are likely to be impacted by sea-level changes. Purely terrestrial 
Antarctic species, such as moss, lichens and invertebrates, are less mobile than 
breeding vertebrates, can be slow-growing, and sometimes rely on specific micro-
climates for survival, particularly in continental areas (Convey et al. 2014; Raggio et 
al. 2016). As sea-level changes and the distance to the coastline increases or 
decreases these taxa may have trouble keeping pace with shifting microclimates, and 
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moving penguins, who often provide a crucial source of nutrients to the ecosystem 
(Smykla et al. 2007; Casanovas et al. 2013).  
 
An increase in species movement is likely as Antarctic sea-levels change, leading to 
increasing interactions and intensified competition for suitable coastal sites. Sea-level 
rise may reduce the amount of available space for biodiversity and human activity, 
whilst sea-level fall could increase the amount of space, but potentially entail a shift 
toward the new coastline of biodiversity and infrastructure. Such shifts could produce 
human-biodiversity conflict at vital sites as scientists, tourists, seabirds and other 
species compete for space. Conflict is already common in coastal societies today 
where human activity has infringed on important biodiversity habitat, such as 
reclaiming land vital for migratory shorebirds (Murray et al. 2014), or agricultural run-
off impacting water quality of marine ecosystems (Haynes & Michalek-Wagner 2000). 
 
Vulnerable sites 
 
Interactions between biodiversity and human activity in ice-free areas under a 
changing climate will define one of the most fundamental management challenges 
facing Antarctica in the twenty-first century and beyond. Given the high uncertainty 
regarding relative sea levels in Antarctica and the potentially immense consequences 
of either sea-level rise or sea-level fall, vulnerable sites must be urgently identified and 
targeted for further assessments. Sites at risk of both sea-level rise and sea-level fall 
can be considered vulnerable as it is likely they will be impacted either way (Fig. 3.5; 
Appendix 3.10). These high-risk sites are heavily concentrated in the Antarctic 
Peninsula, reflective of the large numbers of Antarctic values situated here (Fig. 3.5; 
Appendix 3.11). The site identified as most at-risk to sea-level change impacts is the 
south of King George Island, which is home to thirty Antarctic values including ten 
research facilities and multiple ASPAs, penguin colonies, TLS and IBAs. For the rest 
of the continent, the Vestfold Hills, home to Australia’s Davis station, is the most at-
risk site, followed by sites in the Windmill Islands and Ross Sea Region.  
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Figure 3.5 | Antarctic sites at high risk of sea-level change impacts (i.e. 
combined risk of both sea-level rise and sea-level fall). Inset circles show top five 
sites at highest risk in the Antarctic Peninsula and top five for the rest of the Antarctic 
continent, based on number of features at risk within cell (see Appendix 3.11). Grid 
cell resolution is 20 km.  
 
Given that humans are the most versatile species, likely to replace and relocate 
infrastructure regardless of the cost, it is up to us to prevent, or at least minimise 
human-biodiversity conflict resulting from sea-level change. This can be achieved via 
appropriate regional assessments and planning by National Antarctic Programs, as 
the city of Boston has done (Douglas et al. 2016). This may include multiple-use zoning 
and designating specific areas for tourism, science and biodiversity (Watts et al. 2009), 
and incorporating sea-level change into protected area reserve design and 
conservation planning (Runting et al. 2018).  A framework for such a tool already exists 
within the Antarctic Treaty System with potential for designation of multi-zonal 
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Antarctic Specially Managed Areas (ASMAs), which have been successfully utilised in 
some circumstances, such as the Dry Valleys ASMA in the Ross Sea Region 
(Antarctica NZ 2015). Other facets of climate change, such as increasing precipitation, 
potential meltwater, and the expansion of ice-free areas (Lee et al. 2017) should also 
be accounted for. Nations that operate in high-risk areas, such as Argentina, Chile, 
China, Germany, the Republic of Korea, Russia and Uruguay in the south of King 
George Island, should collaborate with the International Association of Antarctic 
Tourism Operators (IAATO) and the Committee for Environmental Protection (CEP) 
to undertake regional sea-level change predictions and high-resolution impact 
assessments to prepare and implement appropriate management actions. Of high 
priority is to identify suitable sites for station relocations if necessary and recognising 
and protecting key biodiversity sites, which combined will minimise impacts to native 
species and minimise disruptions to Antarctic operations and research. Considering 
the time generally needed for policy change and protected area designation in the 
Antarctic (Chown et al. 2017), it is vital these assessments are undertaken urgently to 
maximise opportunities to prevent negative impacts.  Although past greenhouse gas 
emissions already commit the world to significant changes in sea-level (IPCC 2007), 
the magnitude of the rise could be dramatically reduced if global greenhouse gas 
emissions are immediately mitigated and the Paris Agreement achieved (Church et al. 
2013; UNFCCC 2015; Rintoul et al. 2018). 
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Chapter 4 | The past, present and future of Antarctic tourism 
 
Jasmine Lee, Ben Raymond, Justine Shaw, Aleks Terauds, Richard Fuller 
 
 
Nature-based tourism is an opportunity to connect people with species and 
ecosystems in conservation need, and can lead individuals to engage in 
conservation advocacy, but it can also pose significant risk to the natural 
environment itself. This dilemma is prominent in Antarctica, a globally 
significant tourist destination, but one of the most fragile ecosystems on Earth. 
Yet, remarkably little is known about the distribution, intensity and possible 
future trajectory of Antarctic tourism. Here we show that over half a million 
tourists have made over 3.7 million landings on the Antarctic continent since 
the early 1990s. They have visited every bioregion with the average number of 
sites visited annually rising from less than 50 in 1989 to nearly 200 in the 
2016/2017 season. Tourist landings are predominantly concentrated in the 
Antarctic Peninsula, and to a lesser extent, the Ross Sea. By modelling the 
characteristics of potential landing sites in combination with two 
Intergovernmental Panel on Climate Change (IPCC) climate forcing scenarios, 
we predict that new landing sites suitable for tourism may become accessible 
on the relatively remote and rarely visited coast of East Antarctica. The intensity 
of tourist landing sites located in the northern Antarctic Peninsula and South 
Orkney Islands is also projected to increase. Increased risk of non-native 
species establishment with climate change will be exacerbated by increased 
introduction opportunity from tourism at a growing number of sites and in new 
regions across the Antarctic continent. These synergies will also facilitate the 
potential intraregional transport of native species. Yet despite these potential 
risks, tourism could play a critical role in Antarctic conservation through 
advocacy and increased public awareness, and impacts thus far have been 
minimised by effective regulation by the International Association of Antarctica 
Tour Operators (IAATO). Wise, robust regulation, together with proactive, 
evidence-based decision making within the Antarctic Treaty System will help to 
harness the potential, and minimise the impacts of, a growing industry in one of 
the Earth’s last great wildernesses. 
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Introduction 
 
People are drawn to experience inspiring wild landscapes, rich biodiversity, and 
isolated environments. Nature-based tourism provides opportunities for millions of 
people annually to connect with wildlife and wilderness and is now the fastest growing 
sector of the global tourism industry (Kuenzi & McNeely 2008). Natural experiences 
and wildlife encounters can contribute to conservation via increased appreciation and 
understanding of the natural world, which can lead to growing support and advocacy 
for conservation initiatives (Zeppel & Muloin 2008; Ballantyne et al. 2009; Ballantyne 
et al. 2011). This phenomenon is often termed ‘ambassadorship’ (Eijgelaar et al. 2010; 
Vila et al. 2016). Transformative learning and education during guided tourist trips can 
even result in behavioural changes of tourists, such as increased adherence to 
guidelines and reduced wildlife disturbance, as well as pro-environmental behaviours 
and attitudes being retained at least six months after the tourism experience (Zeppel 
& Muloin 2008; Ballantyne et al. 2009). Nature-based tourism is often used to fund 
National Parks, and in some cases can also financially contribute to indigenous 
communities or local conservation projects (Brandon 1996; Krüger 2005; Kuenzi & 
McNeely 2008; Coria & Calfucura 2012). 
 
However, nature-based tourism often places pressure on the very ecosystems on 
which they prosper, including via erosion, overcrowding, wildlife disturbance, pollution 
and degradation of ecosystem services (Brandon 1996; Snyder 2007; Kuenzi & 
McNeely 2008). Unplanned tourism infrastructure can contribute to encroachment of 
protected areas, deforestation, drainage of wetlands and erosion of soils (Kuenzi & 
McNeely 2008). Wildlife disturbance can include disruptions to natural behaviours, 
including foraging, breeding and nesting behaviours, destruction of habitats, and 
injuries, disease or even death (Brandon 1996; Kuenzi & McNeely 2008; Ballantyne 
et al. 2009; Ballantyne et al. 2011). Pollution can occur in the forms of noise, litter, 
water, and air, including the increased emissions of greenhouse gases (Brandon 1996; 
Kuenzi & McNeely 2008; Eijgelaar et al. 2010). 
 
Recently, a distinct subset of nature-based tourism has emerged – last chance tourism 
– where thousands flock to experience ecosystems and charismatic megafauna on 
the verge of total collapse or extinction (Lemelin et al. 2010). This global phenomenon 
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includes witnessing polar bears in the Arctic, elephants in Africa, snorkelling on the 
Great Barrier Reef, and sighting Antarctic icebergs and glaciers – all before it’s too 
late (Eijgelaar et al. 2010; Lemelin et al. 2010 Vila et al. 2016; Piggott-McKellar & 
McNamara 2017). While such experiences might serve to raise public concern about 
the plight of these species and environments, the mounting visitor numbers may place 
increasing pressure on already sensitive places. In a primary example of this 
phenomenon, the recent growth of tourist visits to Antarctica has resulted in concerns 
repeatedly being expressed by Antarctic Treaty Parties about the potential impacts on 
one of the Earth’s last remaining great wildernesses (for example see ATCM XXXV – 
WP022; ATCM XXXIX – Article 17; ATCM XL – WP031; CEP 5-Year Work Plan: CEP 
XX, Appendix 1, 2017). 
 
The earliest records of Antarctic tourism date back to the early 1880s when the New 
Zealand (NZ) government used tourism to subsidise inspections of provision depot 
expeditions to Macquarie Island and the NZ sub-Antarctic islands. Public interest in 
the region grew during the heroic age of Antarctic exploration, and tourist specific 
voyages were advertised in the early 1910s, though interest waned as the tragic 
ending to Scott’s expedition became known and World War I broke out (Headland 
1994). Several decades later, in 1957, the first tourists landed on the continent on a 
commercial flight from Christchurch, NZ. Ship-based visits to the maritime Antarctic 
and sub-Antarctic islands from Chile and Argentina followed soon after, although 
annual visits did not begin until 1966 (Headland 1994). Purpose-built Antarctic tourist 
ships, the development of inflatable boats, commercial ‘overflights’ from Australia and 
NZ, the break-up of the Soviet Union leading to increased ship availability, and the 
development of blue ice runways all contributed to a rapid growth in Antarctic tourism, 
and by the start of the 1990s more than 45,000 tourists had visited the continent 
(Enzenbacher 1993; Headland 1994).  
 
The International Association of Antarctica Tour Operators (IAATO) was formed in 
1991 in response to this growing industry and the acknowledgement that tourism might 
begin to impact the Antarctic environment (Ezenbacher 1993). Initially founded by 
seven operators, IAATO has now grown to over 100 member companies, all 
committed to promoting and practicing safe and environmentally friendly travel to the 
Antarctic region (IAATO 2017; Liggett et al. 2011). IAATO is a self-regulating 
58 
 
association considered an effective mechanism for managing Antarctic tourism 
(Haase et al. 2009; Lamers et al. 2012). IAATO advocates for safe and 
environmentally responsible travel to the Antarctic (IAATO 2017), encouraging 
members (i.e. tourist operators) to abide by visitor recommendations adopted by the 
Antarctic Treaty System (ATCM XVIII Measure 1, 1994). IAATO members must 
adhere to a number of by-laws, including that planned activities will have no more than 
a minor or transitory impact on the Antarctic environment and that the size of vessels 
making landings is restricted to passenger numbers of 500 or less (IAATO Bylaws 
Articles II and X, 2017). Annual visitor numbers grew rapidly from a few thousand in 
the early 1990s to over 50,000 today (Tin et al. 2014; IAATO 2018). IAATO has 
maintained comprehensive visitor and vessel data from its inception, all made publicly 
available on its website (www.iaato.org).  
 
A 20-year spatiotemporal analysis (1993 – 2013) of data from the Antarctic Peninsula 
region found tourist numbers increased ten-fold over the twenty-year period and that 
the number of tourists coming from each country was strongly correlated with its 
national Gross Domestic Product (Bender et al. 2016). Antarctic tourism is likely to 
continue to grow into the future (Liggett et al. 2011; Jabour 2014; Tin et al. 2014; 
Bender et al. 2016, IAATO 2018), yet no studies have attempted to quantify the 
distribution and growth of tourism across the continent, or to make quantitative 
forecasts or spatial projections of the future trajectory of Antarctic tourism. Such 
information could help guide future planning of tourism regulation and future 
biodiversity conservation, because threats associated with human activity, both 
science and tourism, are one of the biggest conservation challenges facing 
Antarctica’s environment today (Chown et al. 2012a). 
 
Human activity is a key predictor of non-native species presence in the Antarctic 
(Chown et al. 2012b), and non-native species are considered a major threat to 
Antarctic biodiversity (Hughes & Convey 2010; Hughes et al. 2015a; McGeoch et al. 
2015). The risk of non-native species establishment is correlated with propagule 
pressure and climatic suitability, thus the Antarctic Peninsula with its milder climate 
and heavy visitation is already at the greatest risk of invasion (Chown et al. 2012b). In 
fact, the sites currently hosting the largest number of invasive species are all popular 
Peninsula tourist destinations and historically significant science sites (Hughes et al. 
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2015a). As the climate warms and tourism grows in the region, the risk of non-native 
species introductions will likely increase as climate barriers break down (Hughes et al. 
2013a; Duffy et al. 2017), and the distribution and intensity of tourist landings and 
scientific activity changes. Research and tourist vessels can act as vectors for the 
transport of live marine invertebrates (Lee & Chown 2007) and live terrestrial 
invertebrates (Houghton et al. 2016), which can self-introduce from ship to shore (Lee 
et al. 2007). The average visitor to the Antarctic region carries 9.5 seeds per person, 
although scientists typically carry more than tourists (Chown et al. 2012b). As the 
climate warms and tourism grows in the region the risk of non-native species 
introductions will likely increase with changes in the distribution and intensity of tourist 
landings.  
 
Human activity, especially when involving large numbers of people, also directly 
impact the Antarctic environment, with soils and vegetation being particularly 
vulnerable to trampling disturbance and compaction due to their slow growth and 
recovery rates (reflecting the low water availability and low temperatures), and impacts 
can persist for decades (Smith 1988; Tejedo et al. 2009; Tejedo & O’Neill 2018). With 
over 20,000 tourists landing annually at some Peninsula sites (eg. Cuverville Island or 
Neko Harbour), physical disturbance can quickly accumulate (see Tejedo & O’Neill 
2018 for images of trampling and track formation). Along with physical disturbance, 
tourism and research can also lead to shipborne pollution, as well as increasing the 
risk of environmental incidents, such as fuel spills or shipwrecks (Aronson et al. 2011; 
Brooks et al. 2018). Ships release large amounts of pollutants into the marine 
environment and atmosphere, including black carbon, sulfur dioxide and laundry fibres 
(Graf et al. 2010; Eckhardt et al. 2013; Tin et al. 2014). Tourists and tourist vessels 
may also inadvertently disturb wildlife (Lynch et al. 2009). 
 
A better understanding of current and future spatial patterns of tourist landings is 
crucial to the future management of the Antarctic, as risks and impacts will be better 
recognised and thus improve guidelines. Here we (i) compile and make available a 
single database of spatially-explicit IAATO records of Antarctic visitor and vessel 
numbers from 1989 to 2017, (ii) quantify changes in the distribution and magnitude of 
tourism across the continent since 1989, and (iii) determine the key drivers of tourist 
landing sites and use models to project tourism into the future under a ‘business as 
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usual’ climate forcing scenario. This will not only facilitate a better understanding of 
potential changes in the spatial distribution and intensity of tourist landing sites, but 
will provide a hitherto unavailable evidence base for conservation planning and 
decision making through the Antarctic Treaty System. 
 
Methods 
 
Data compilation 
The IAATO tourist landing data were downloaded from www.iaato.org as a series of 
tables containing number of landings from the 1989/90 season to the 2016/17 season 
(hereafter 1990, 2017, etc). IAATO records do not include data on landings of non-
IAATO vessels (such as private yachts), although the overwhelming majority of 
operators are IAATO accredited (IAATO 2017). Data for most years consists of 
separate tables giving the number of visitor and vessel landings at specific sites in the 
Antarctic Peninsula and Antarctic Continent and visitor numbers by nationality. The 
visitor and vessel landing numbers used here include vessel staff and crew. Data from 
each table were combined into a single data frame, correcting for naming variations in 
landing sites and formatting differences between years.   
 
The compiled dataset contained data from 605 tourist landing sites (TLS). Geographic 
coordinates for each TLS were determined using the Scientific Committee of Antarctic 
Research (SCAR) Composite Gazetteer of Antarctica (SCAR 2017), the British 
Antarctic Survey Gazetteer (Cervellati et al. 2000) and the Council of Managers of 
National Antarctic Programs (COMNAP) facilities layer for those landing sites that are 
Antarctic stations or bases (COMNAP 2017; www.comnap.aq). SCAR Gazetteer ID’s 
were included in the dataset for cross-referencing purposes. The coordinates of 15 
sites could not be ascertained at all, and some names were rather geographically 
broad, such as ‘Weddell Sea’ or ‘Alexander Island’ - although these sites were still 
allocated coordinate values provided by the SCAR Gazetteer to avoid omitting them 
from analysis. Some sites introduced uncertainty despite having high spatial 
resolution, because they overlapped with other sites (e.g. Gabriela Gonzalez Videla 
Station and Waterboat Point), thereby potentially leading to an underestimation of the 
number of visitors recorded at those sites.  
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Additional information was appended to each site giving the ‘Region’ (Peninsula or 
Continental), ‘Land’ (broad geographic region), ‘Site’ (landing site feature name), ‘Sub-
site’ (name of landing site itself), and ‘ACBR’ (Antarctic Conservation Biogeographic 
Region; Terauds et al. 2012; Terauds & Lee 2016).  
 
The final database consists of tourist data for 605 landing sites and for 27 seasons 
from 1990 to 2017 (1994 – 2017 for total visitors); split into different tables for 1) total 
annual visitor numbers by nationality (these visitors land at multiple sites), hence 2) 
number of visitor landings, and 3) number of vessel landings, and only includes data 
for tourists that landed in (i.e. set foot on) Antarctica. The final database has been 
made available by IAATO at www.iaato.org.  
 
Temporal Analyses 
The final dataset was used to summarise tourist landing numbers both temporally and 
spatially, and total annual visitor numbers. The total annual number of visitors to the 
continent between 1990 and 2017 were calculated overall and by nationality; these 
numbers represent the number of individual tourists that visited the continent each 
season, noting that each of these tourists may have landed at multiple sites. In 
consequence, the number of tourist landings is typically much higher than the number 
of annual visitors.  
 
The spatially explicit tourist landing numbers were summarised by year, region and 
ACBR. The number of vessels landing at each site was summarised by year and 
region. The number of landing sites visited each season was calculated and 
summarised by region and ACBR. The average vessel size was calculated annually 
using the number of visitors and vessels per site. Tourist features of interest were 
tallied by ACRB and included operating stations, historic sites or monuments (HSM), 
Antarctic Specially Protected Areas (ASPA) and penguin colonies.  
 
All data analyses were performed using the R statistical computing environment 
(version 3.4.3; R Core Team 2017) and ArcGIS (version 10.4). 
 
Projections of tourist landing sites in space and time 
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We used statistical models to determine the factors driving tourist landings in 
Antarctica and developed the first modelled projections of Antarctic TLS distribution 
for the end of this century, under a business as usual climate forcing scenario. To 
achieve this, we adapted species distribution models (SDMs, also known as habitat 
suitability models), to estimate suitability for tourist landings in Antarctica for the 
present and future. SDM’s are a tool commonly used by ecologists to predict changes 
in the occurrence of suitable conditions for species under climate change scenarios 
(Araújo et al. 2005; Beaumont et al. 2007; Forester et al. 2013). Because tourist 
landings in Antarctica are at times somewhat opportunistic (Bender et al. 2016), 
constrained, and influenced by various environmental and anthropogenic factors, they 
make a good candidate for species distribution modelling. Presence and absence at 
known landing sites can be related to those current factors (predictors) and then 
projected under future conditions. 
 
Current predictors 
We hypothesised that three primary factors drive suitable TLS in Antarctica: 1) the 
sites must be accessible (e.g. anecdotal evidence suggests ships will progress further 
south in low sea ice years (Lynch et al. 2009; Bender et al. 2016); 2) conditions must 
be suitable for landing, i.e. the site must be sheltered or weather conditions calm, and 
physically the site must enable landing, such as gentle slopes or beaches; 3) there 
must be something to see (i.e. we assume tourists generally visit locations to 
experience something specific such as penguin colonies or historic sites). 
  
To test these hypotheses, we identified eight predictor variables: percent cover of sea 
ice, percent of available ice-free area, temperature, and distance to penguin colonies, 
stations, HSM, ASPAs and ports. Based on preliminary results, an accessibility layer 
was produced to replace the sea ice predictor (details below). Each predictor variable 
was generated at a 1 km resolution for 10 km either side of the Antarctic coastline for 
the entire continent, including some offshore islands. 
 
Sea ice cover was considered important as it is largely responsible for accessibility of 
TLS. Mean monthly percentage sea ice cover at 25 km resolution was downloaded 
from the National Snow and Ice Data Centre (NSIDC; www.nsidc.org) and averaged 
for each tourist season (from 1989 – 2017). We considered the tourist season to 
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consist of the Antarctic summer – December, January, February. For example, the 
2016 summer season consists of the months of Dec 2015, Jan 2016 and Feb 2016. 
Despite hypotheses that sea ice would be an important predictor, initial models found 
it made only a low contribution to the model. This seemed reasonable when 
considering that it is not the sea ice cover at the TLS that defines accessibility, rather 
it is the sea ice cover en route (ie. even if there was no sea ice at the landing site, it 
doesn’t matter if the ship couldn’t progress that far due to outer ice). Thus, sea ice was 
removed as a predictor and replaced with a measure of accessibility.  
 
Sea ice data were used to generate an ‘accessibility’ layer, indicating the accessibility 
by ship of a given location from permanently open water. We assumed that a sea ice 
concentration of 70% or greater would be impassable to tourist ships. Each cell in the 
sea ice grid was connected to its eight nearest neighbours, excluding cells on land 
and impassable-ice cells. This effectively yields an undirected graph in which the 
nodes are cells and the edges indicate possible transitions between cells. The graph 
was then separated into its connected components. Any cell lying in the same 
component as permanently-open-ocean cells must be accessible from the 
permanently open ocean zone for that particular configuration of sea ice. We applied 
this algorithm to daily sea ice data for each tourist season (for the years 1990 – 2017), 
thereby giving the long-term average proportion of time that season each cell is 
accessible from permanently open water.  
 
Permanently ice-free areas typically host milder climates than surrounding ice, making 
them suitable for human activity and crucial for the survival of the majority of terrestrial 
Antarctic biodiversity (Convey et al. 2014; Hughes et al. 2015a). Therefore, we 
assumed that percentage of ice-free area would act as a proxy of climate suitability 
and biodiversity to the model. The medium resolution rock-outcrop layer was 
downloaded from the Antarctic Digital Database (ADD Version 7; www.add.scar.org) 
and used to calculate the percentage of each 1 km cell that was ice-free. We assumed 
percentage of ice-free area did not change over the study period (1989 – 2017). 
 
Air temperature was also expected to indicate how hospitable a site was for landings. 
Surface air temperature at 2 m was downloaded from the Antarctic Mesoscale 
Prediction System (AMPS; http://www2.mmm.ucar.edu/rt/amps/) for the years it is 
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available (2006-2016). Spatial resolution of the data varied over the study period, 
though the highest resolution continent-wide data available was utilised each year, 
and higher resolution regional data mosaicked in to replace the continent-wide data 
where possible, thereby improving accuracy of temperature data for some regions. 
For example, the most recent continental data is at 10 km resolution, though the Ross 
Sea Region and Antarctic Peninsula have higher resolution data (3 km), which were 
mosaicked in to replace the 10 km continent-wide data in those regions. 
 
To reflect the scale of a typical TLS, all four of these layers were reprojected and 
downscaled onto the same 1 km grid and masked to within 10 km of the Antarctic 
coastline, based on the high-resolution coastline file from the ADD. Centre points for 
the 1 km grid were generated and used to measure the distance of each cell to the 
closest port and four features of interest, including operating stations of National 
Programs, penguin colonies, ASPAs and historic sites or monuments. 
 
Distance to closest port is considered an important factor for tourist landings, because 
longer distances require greater travel time and cost (ship fuel and other supplies), 
thereby potentially making the route less desirable to operators and tourists. The 
majority of tourists landings are concentrated on the tip of the Antarctic Peninsula – 
the region of Antarctica closest to any other continent. Eleven ports were considered 
for the analysis, all of which have regular departures for Antarctica (IAATO 2017); 
Ushuaia and Buenos Aires (Argentina), Punta Arenas (Chile), Montevideo (Uruguay), 
Stanley (Falkland Islands), Hobart (Australia), and Bluff, Dunedin, and Lyttelton (New 
Zealand).   
 
Tourists regularly visit national stations in the Antarctic (see results; Fig. 4.2c), where 
they can have an insight into life on the continent and in some instances buy postcards 
or souvenirs (Ezenbacher 1993; Liggett et al. 2011). The coordinates of operating 
stations were obtained from COMNAP (2017; www.comnap.aq). Many national 
stations are not open to tourists, thus we included only stations that had been visited 
five or more times since 1990.  
 
All four species of penguin – emperor, Adélie, chinstrap, gentoo – were considered to 
be of interest to tourists (Bender et al. 2016). Locations of penguin colonies were 
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obtained from the Mapping Application for Penguin Populations and Projected 
Dynamics (MAPPPD), which is the most comprehensive, up-to-date compilation of 
data available on colony locations and population counts (Humphries et al. 2017). To 
ensure the colony sites were accurately represented on the ice-free area layer and 
with the landing sites we cross-checked the colony point locations with the SCAR 
Gazetteer and moved colonies that fell just outside ice-free areas (<2 km) to the 
closest ice-free area, as the colonies are always located in ice-free areas (excluding 
emperors).  
 
Antarctic Specially Protected Areas are often designated to protect high biodiversity 
values, such as rich moss beds or breeding seabird colonies, or sites of geological or 
cultural significance. Whilst entering ASPAs requires a permit (often only granted on 
scientific grounds), the ASPAs themselves may indicate good biodiversity habitat in 
the local area, as well as cultural sites (e.g. ASPA 158 – Hut Point, which is accessible 
to tourists), which are all potentially of interest to tourists. The ASPA layer, updated in 
2016, was downloaded from the Australian Antarctic Data Centre 
(http://data.aad.gov.au; Terauds & Lee 2016).  
 
There are 87 historic sites or monuments in Antarctica designated to protect historical 
artefacts or activity, often from the heroic age of Antarctic exploration. Some examples 
include the historic huts of Scott and Shackleton on Ross Island, whaling artefacts at 
Whalers Bay, shipwreck refuges on Paulette Island, and plaques and monuments to 
commemorate people or events, such as the Antarctic Treaty Monument at Fildes 
Peninsula. A list of HSMs was obtained from the report of the 38th Antarctic Treaty 
Consultative Meeting (ATCM XXXVIII Measure 19, 2015). 
 
Aside from the obvious appeal of visiting penguin colonies, historic sites, stations and 
ASPAs, these distance measures and amount of ice-free area may also act as a proxy 
for other aspects of accessibility and the general aesthetic appeal of a site, which we 
were unable to directly capture in our predictor variables. 
 
Future predictors 
Projections of tourist activity at the end of the 21st century were modelled by replacing 
some of the predictor variables with estimates under the business as usual 
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Representative Concentration Pathways (RCP8.5) carbon forcing scenario adopted 
by the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report 
(AR5; IPCC 2013). 
 
Distance to penguin colonies, ASPAs and historic sites were assumed to remain 
unchanged in the future. Whilst it is likely that new ASPAs and HSMs will be 
designated before 2100, and that penguin colonies are expected to asymmetrically 
respond to climate change (Cimino et al. 2016), no spatially explicit predictions of 
these have been developed or made available. 
 
The future distribution and thickness of sea ice is generally considered to be highly 
uncertain (Turner et al. 2014) and few projections are available. With climate warming 
and the recovery of the ozone hole it is possible that sea ice extent will decline as it 
has in the Arctic (ACIA 2004; Screen & Simmonds 2010). Two studies project 
decreases in extent of 24% and 33% respectively, though largely over the winter and 
spring months (Arzel et al. 2006; Bracegirdle et al. 2008). Due to the large uncertainty 
we used a conservative estimate of a 10% reduction. We used the seasonal (Dec-
Feb) sea ice cover averaged over the 2013 – 2015 seasons. These seasons were 
selected to represent the ‘current’ as they are the same years used for the ice-free 
area projections. The 10% was subtracted from each cell’s concentration, effectively 
reducing both the spatial extent and temporal duration of ice cover. The accessibility 
layer was re-run, using the new threshold of impassable ice cover as 80% (equal to a 
reduction in sea ice cover of 10% relative to current levels). 
 
Future ice-free area projections under RCP8.5 (mean melt scenario) were obtained 
from the Australian Antarctic Data Centre (http://data.aad.gov.au; Lee et al. 2017) and 
rasterised onto the 1 km grid. Projections of surface air temperature increase under 
RCP8.5 were also obtained from Lee et al. (2017) and added to the average (2013-
2015 seasons) of the current AMPS air temperature layers. These temperature 
projections were developed based on phase 5 climate model output from the World 
Climate Research Programmes (WCRP) Coupled Model Inter-comparison Project 
(CMIP5; Taylor et al. 2012; see Lee et al. 2017 for details).  
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Under current conditions, much of the East Antarctic coast is difficult to access without 
a specialised class of icebreaking ships due to heavy coastal sea ice (Ushio 2006). 
However, future changes in sea ice properties and distribution might reduce this 
barrier, which in turn could make new ports viable for tourist departures. We therefore 
included four new ports in the ‘distance to port’ analysis: Cape Town and Port 
Elizabeth (South Africa), Perth (Australia) and Réunion Island (France).  These ports 
currently have sporadic tourist departures, but do support resupply vessels. Increased 
accessibility would also allow tourists to potentially visit some stations that are 
currently largely inaccessible to tourist ships (such as Syowa, Jang Bogo and Casey 
– though each of these has been visited by tourists at some point). We therefore 
assumed for the future predictor layer that all stations would be open to visitation if 
they were accessible, and therefore included all operating stations in ‘distance to 
station’, rather than those that had only been visited 5+ times.  
 
All predictor raster layers were developed using ArcGIS (v10.4) and R (v3.4.3; R 
Development Core Team 2017). 
 
Distribution modelling 
Spatially and temporally explicit presence and absence of tourist landings represent 
the response variable for the models. The TLS data consists of true presence-absence 
data for 605 sites dating back to 1990. The absences in the tourist data correspond to 
known tourism sites, but years in which no tourist landings occurred. In addition to 
these known absences, we also know that no tourist landings occurred anywhere else 
in Antarctica (i.e. sites not part of the IAATO dataset). To provide the models with 
absence examples covering a broader range of environmental conditions, we 
supplemented the dataset with an additional 600 TLS that were randomly generated 
along the Antarctic coastline using ArcGIS v10.4. Predictor variable values at each of 
the 1200 sites were extracted for each year that data were available. 
 
Initial model performance was assessed using area under the receiver-operating 
characteristic (AUC) and residual deviance. An AUC above 0.75 and low deviance 
was considered reasonable (Elith et al. 2006). Though twelve models were initially 
trialled, only Random Forest consistently performed well, with an AUC greater than 
0.9 and deviance equal to or less than 0.2 (Appendix 4.4). Variable importance was 
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gauged using % mean squared error (%MSE) and predictor response curves (partial 
dependence plots: ‘randomForest’ package; Liaw & Wiener 2015). 
 
Because some of the predictor variables are indirect measures of site aesthetics (e.g. 
distance to penguin colonies), rather than a direct measure, the model may use these 
proxy variables in unexpected ways to improve the model fit, i.e. explaining patterns 
in the response variable that are not characterised by other, more direct, predictor 
variables. One example of such ‘overfitting’ behaviour is predicting an increased 
likelihood of landings at sites with extreme distances from penguin colonies. Whilst 
this relationship may improve model fit of the current predictor data, it is unlikely to 
hold in new, unseen data. To reduce the likelihood of the model fitting this type of 
relationship, several of the distance predictors were capped based on their response 
curves. This included distance to penguin colonies and ASPAs (capped at 20km — 
i.e. values greater than 20 km were set to 20 km), distance to HSM (capped at 40 km) 
and distance to visited stations (capped at 100 km). Distance to ASPAs was correlated 
with distance to HSM and distance to station (Pearsons coefficient greater than 0.7) 
and contributed the least to the model (based on %MSE) and was therefore removed. 
The most important predictor variables to the model were distance to penguin colonies 
and HSM and the amount of available ice-free area.  
 
Once the most parsimonious model was chosen using the above criteria, the model 
was evaluated by splitting the dataset into training and test data via subsampling and 
k-fold cross validation (70% training, 30% test, three replicates). Similar AUC values 
(~0.9) for receiver operator curves (ROC) for the training and test data confirmed the 
model was not substantially overfitting. Random Forest was then used to predict over 
current conditions (based on the 2015 predictor layers) and into the future using the 
RCP8.5, end of century predictor layers.  
 
All modelling was undertaken in R (v3.4.3; R Development Core Team 2017) utilising 
the sdm package (Naimi & Araújo 2016). 
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Results 
 
Long Term Analysis 
 
The annual number of tourists to the Antarctic continent has grown substantially since 
1994 (Fig. 4.1). Over 450,000 tourists have now set foot on the Antarctic continent. 
Numbers grew steadily from the early 2000s to a peak in 2007, before declining 
sharply at the time of the 2008 global financial crisis suggesting a strong link between 
Antarctic tourism and the state of the global economy (Bender et al. 2016). Numbers 
recovered rapidly since 2010, from 19,500 visitors to nearly 37,000 in the 2016/2017 
season; equating to an average annual growth of 1.12% (0.091 relative growth rate). 
Even if there was no further growth in numbers, with only 37 k tourists continuing to 
visit the continent each year, this would still mean 1.2 million tourists setting foot on 
Antarctica between 2017 and 2050. 
 
 
 
Figure 4.1 | Total number of visitors landing in Antarctica annually. 
 
Number of visitor landings (i.e. each visitor lands more than once) in the Antarctic 
Peninsula follow a similar pattern to total visitors with a crash post 2008 and a steady 
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recovery (Fig. 4.2a), though landings in the rest of the continent peaked during the late 
1990s (6,726 landings in 1997) and in 2008 (6,214 landings) and have not recovered 
to the same numbers since. The number of sites visited annually has steadily climbed 
in the Peninsula (Fig. 4.2b), though has remained largely steady in the continent since 
the mid 1990’s (21 sites on average). 
 
 
Figure 4.2 | Visitor and vessel landings in Antarctica over time. a) Number of 
annual Antarctic visitor landings in thousands, and b) Total number of landing sites 
visited annually by tourist vessels; separated by region into Antarctic Peninsula (P – 
red) and Antarctic continent (C – blue). 
 
Despite the common view that Antarctica is remote and relatively pristine, tourist 
visitation is occurring over the entire continent (Fig. 4.3). Indeed, tourists have landed 
in every Antarctic Conservation Biogeographic Region (Table 4.1; Fig. 4.3a), with the 
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highest concentrations in the Antarctic Peninsula and Ross Sea. The North-west 
Antarctic Peninsula (ACBR 3) is by far the most heavily visited bioregion, with 20,000 
vessels landed and over 3.5 million visitor landings since 1990, while the neighbouring 
Central South Antarctic Peninsula (ACBR 4) has the lowest total number of landings 
(Table 4.1). The North-west Antarctic Peninsula is also home to the largest number of 
historic sites, ASPAs, penguin colonies and visited stations of any ACBR (Table 4.1; 
Fig. 4.3b). After the Antarctic Peninsula, the next most visited region is the Ross Sea 
Region (ACBRs 8 and 9) which hosts a large number of historic sites (Table 4.1; Fig. 
4.3b). Despite being one of the most remote ACBRs, the Ellsworth Mountains (ACBR 
11) have attracted a steady stream of tourists, all to the Union Glacier Camp (replacing 
the Patriot Hills Camp in 2010), which is the only privately-operated field camp in 
Antarctica and exists purely for tourism (https://antarctic-logistics.com), though 
National Programs do occasionally make use of the runway and facilities. In fact, 
ACBR 11 is the only continental ACBR that has experienced steady growth, whilst 
trends for the other continental ACBRs (excluding the Ross Sea Region 8 and 9) 
reflect irregular visits (Appendix 4.1). An overview of landing sites and features is 
provided in Fig. 4.3, and a list of the most popular landing sites, visited stations, and 
visited historic sites and monuments is provided in Appendix 4.2 and Appendix 4.3.  
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Table 4.1 | Tourist statistics and tourist features of interest in each Antarctic 
Conservation Biogeographic Region (ACBR); Including the total number of visitors 
landed, the total number of vessels landed, the average size of visiting ships, the total 
number of landing sites, the total number of stations or bases visited by tourists, and 
the total numbers of Historic Sites or Monuments (HSM), Antarctic Specially Protected 
Areas (ASPAs) and penguin colonies contained within the ACBR. See Fig. 4.3 for 
ACBR names and locations. 
 
ACBR 
Total # 
Visitors 
Total # 
Vessels 
Average 
Ship 
Size 
# 
Landing 
Sites 
# Visited 
Stations 
# 
HSMs 
# ASPAs 
# Penguin 
Colonies 
0 2,446 26 83 15 0 3 7 22 
1 69,079 574 115 36 3 4 1 17 
2 39,150 298 116 19 2 1 3 146 
3 
3,545,85
6 20,243 111 415 25 33 21 2213 
4 21 3 7 3 0 0 2 5 
5 640 8 82 5 2 2 1 134 
6 5,044 52 102 13 4 3 2 19 
7 3,703 44 79 19 4 8 9 73 
8 25,627 240 102 22 3 7 6 217 
9 41,739 386 111 19 2 15 16 220 
10 2,267 17 136 3 1 4 1 1 
11 7,098 14* 540* 2 1 0 0 0 
12 1,115 12 92 7 1 1 0 16 
13 7,775 79 108 13 1 5 1 41 
14 1,197 13 87 3 0 0 0 8 
15 3,214 16 250 2 0 0 0 3 
16 2,150 22 91 9 1 1 4 41 
TOTAL 
3,758,12
1 22,047 105 605 50 87 74 3,176 
*The Union Glacier camp in the Ellsworth Mountains (ACBR 11) is visited by 
aircraft rather than ship, and because of this it seems there are only partial 
records of the number of flights (vessel landings) in the IAATO data. 
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Figure 4.3 | Overview of tourist activity in Antarctica. a) number of visitor landings 
at each tourist landing site and within each ACBR; Peninsula inset, b) spatial 
distribution of Antarctic features of interest; Ross Sea Region inset. Photos of popular 
landing sites in Antarctic Peninsula (Whalers Bay; Outward_bound www.flickr.com) 
and Ross Sea Region (Canada Glacier; Jasmine Lee).  
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Changes to average ship size over time have been consistent in both the Antarctic 
Peninsula and continent (Fig. 4.4). There was a substantial increase in the average 
number of passengers in the early 2000s, followed by a period of slight decline and 
relative stability. 
 
 
Figure 4.4 | Average ship size by number of passengers Antarctic tourist vessels 
carry annually; separated by region into Antarctic Peninsula (P – red) and Antarctic 
continent (C). 
 
The United States of America has consistently had the most annual visitors to the 
Antarctic since IAATO began collecting data (Fig. 4.5). Tourists from the United 
Kingdom, Germany and Australia are also prominent. Chinese tourists only became 
prominent in 2010, though numbers have rapidly grown and in the 2016-2017 season 
accounted for the second most visitors after the USA (Fig. 4.5a). 
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Figure 4.5 | Number of tourists from the top ten nations visiting Antarctica; a) 
annually, and b) in total from 1989 - 2016 (other nations combined into ‘Others’).  
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Key drivers of Antarctic tourism 
 
The best statistical models indicated the most important factors driving tourist landing 
sites in Antarctica are, in order of decreasing importance: (i) distance to nearest 
penguin colony (%IncMSE 135.4), (ii) distance to nearest HSM (%IncMSE 112.8), (iii) 
amount of ice-free land (%IncMSE 112.7), (iv) distance to nearest ‘visited’ station 
(%IncMSE 89.3), (v) distance to nearest port (%IncMSE 87.1), (vi) accessibility 
(%IncMSE 78.7) and (vii) temperature (%IncMSE 65.3). Partial dependence plots are 
displayed in Appendix 4.5. 
 
Tourist landing sites at the end of the century 
 
Modelled suitability of tourist landing sites (likelihood of presence) for the current (2015 
season) aligned well with the actual presence records for that season (Fig. 4.6a; model 
predicted presence-absence with 90.16% accuracy; partial effects plots displayed S5), 
with some additional suitable regions identified by the model (e.g. Cape Adare, Ross 
Sea) and Mt Siple (Marie Byrd Land). The model predictions of suitable landing sites 
for the current is generally higher than the recorded number of visits for that season 
(2015 – 2016).  
 
Projections for landing sites in the future (2100) under RCP8.5 and a 10% reduced 
sea ice threshold reveal changes in both intensity and distribution of likely landing sites 
(Fig. 4.6b). Numbers of suitable landing sites in the South Orkney Islands and 
northernmost portion of the Antarctic Peninsula are likely to increase, whilst the Ross 
Sea region and Marie Byrd Land may actually experience slight decreases in numbers 
of suitable sites. A number of new potential sites are projected to open along the east 
coast of Antarctica, such as in the Larsemann, Vestfold, and Bunger Hills (Fig. 4.6b). 
 
Greater detail for the Antarctic Peninsula and Ross Sea Regions is depicted in Fig. 
4.7. A more detailed bioregional analysis reveals that whilst the number of sites with 
a 50% or greater probability of presence decreases slightly in bioregions 3, 9 and 11 
(Fig. 4.7, Fig. 4.8a), the number of sites with a 25% or greater probability of presence 
increases substantially (Fig. 4.7, Fig. 4.8b), reflecting a potential general increase in 
tourist landing suitability in those regions, particularly in the Peninsula. Bioregions 1, 
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2, 7, 8 and 13 are projected to have more suitable landing sites in the future than they 
do now (Fig. 4.8).  
 
 
 
Figure 4.6 | Number of actual and predicted tourist landing sites in Antarctica. 
a) predictive model depicting number of predicted tourist landing sites for the year 
2015 and b) predictive model depicting number of predicted tourist landing sites for 
the year 2100 under RCP scenario 8.5. Model is Random Forest and sites included 
here have a > 50% likelihood of a landing occurring. Grid cell resolution is 50 km.   
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Figure 4.7 | Predicted likelihood of tourist landings according to Random Forest 
model in 2015 and 2100 under climate scenario RCP8.5; in the Antarctic Peninsula 
in (a) 2015 and (b) 2100, and the Ross Sea Region in (c) 2015 and (d) 2100. 
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Figure 4.8 | Predicted number of tourist landings in 2015 (current), and 2100 
(future) under climate scenario RCP8.5 in each of the 16 Antarctic Conservation 
Biogeographic Regions (ACBRs); a) > 50% likelihood of landing, b) > 25% likelihood 
of landing. Model is Random Forest. 
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Discussion 
 
Nearly half a million tourists have landed on Antarctica in the last 23 years and interest 
in the region continues to grow, particularly from the relatively recent Chinese industry 
(Bender et al. 2016), which may be followed by other developing global markets. Even 
at current visitation levels, an additional 1.2 million tourists will have visited Antarctica 
by 2050, and by the end of the century this number will undoubtedly increase further. 
Rates of tourist growth do not appear to be exponential and are likely tied to other 
factors, including the health of the global economy and GDP of visiting countries 
(Bender et al. 2016). Future growth is expected to continue, though this may be 
constrained by a carrying capacity or major disturbance (as was observed with the 
global financial crisis; Bender et al. 2016). Jabour (2014) lists a number of such 
carrying capacity limits including distance, cost and lack of infrastructure. Other factors 
might include whether demands for increasing numbers or size of vessels can be met, 
or whether current rules on visitor or vessel numbers remain unchanged.  
 
To reduce impact on the environment, IAATO certified vessels must comply with 
multiple restrictions including (i) a booking system to ensure only one vessel visits a 
landing site at any one time, (ii) a limit of 100 visitors ashore at any one time, and (iii) 
a maximum vessel size of 500 people if landings are to be made (IAATO 2017). The 
growing number of visitors in the early 2000’s prompted the use of large cruise liners 
(800+ passengers) in the Antarctic, though the use of both large and mid-size (200-
500 passengers) vessels fell during the global financial crisis, limiting tourist numbers 
post 2008 (Tin et al. 2014). A ban on heavy fuel oils for ships crossing the Antarctic in 
2011 acted to further limit ship sizes (Tin et al. 2014). Indeed, there was a rapid rise 
in average size of vessels in the early 2000’s followed by a subsequent decline, a 
pattern surprisingly consistent between the Peninsula and continental regions. 
However, recent data from the 2016/2017 season suggest the use of larger vessels 
may again be increasing around the Peninsula. Ultimately, operators must either 
increase number of expeditions or vessels, or increase ship size, in order to 
accommodate the growing number of tourists. 
 
During a single voyage, each tourist is likely to land at multiple sites. The 465 thousand 
visitors since 1994 have made over 3.5 million landings (3.7 since 1989), an average 
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of 7.7 landings per person. The vast majority of these have been made in the Antarctic 
Peninsula region, where landings in ACBR 3 have largely driven the continent-wide 
trends over the past 28 years. Landings in the continental region have been more 
stochastic, potentially driven by infrequent expeditions to more remote areas and the 
popularity of Antarctic itineraries for vessels visiting the Ross Sea region. Near-shore 
sea ice conditions are also more variable and there are few landing opportunities in 
East Antarctica. However, the modelled projections of likely landing sites in 2100 
suggest this may change as new sites in the East Antarctic become more accessible 
with climate change.  Most of these sites have already been visited opportunistically 
by tourist vessels when conditions permitted. A projected increase in the number of 
landings at the more southerly Peninsula region may also see ACBRs 4 and 15 begin 
to see increased visitation as climate change progresses (perhaps infrequently at first), 
slowly tracking the penguin colonies that are already moving south with warming 
(Forcada & Trathan 2009; Clucas et al. 2014). And this is in addition to the increasing 
intensity of landings in the South Orkney Islands (ACBR 2) and North-east Antarctic 
Peninsula (ACBR 1). 
 
Increasing numbers in the Antarctic Peninsula may also drive exploration for new 
landing sites. Tourist operators aim to deliver a unique, remote, isolated, wilderness 
experience for tourists in Antarctica, and as such there is an IAATO booking system 
which ensures bottle necks do not occur and that vessels remain out of sight of each 
other where possible. New landing sites may need to be established to alleviate these 
potential bottlenecks and potential ‘overcrowding’. This has been documented 
elsewhere, where overcrowding and an associated decline in the quality of tourist 
experiences in Kenyan safaris, led to an expansion in Southern Africa destinations, 
such as Botswana (Kimbu 2010). Maintaining a quality (remote) tourism experience 
may have contributed to the rapid increase in the number of landing sites visited 
annually in the Antarctic Peninsula since the early 2000’s (i.e. ACBR 3; Appendix 4.6). 
Unlike the peninsula, the number of landing sites in the continent, driven largely by the 
trends of the Ross Sea region (ACBRs 8 and 9; Appendix 4.6), have remained 
relatively stable, perhaps reflecting the more stochastic drivers of visitor numbers, the 
remoteness, and the physical geography of the region (i.e. closed bays in contrast to 
the open coastline and islands of the Peninsula). Model predictions also suggest that 
the Ross Sea region landing sites will likely remain stable toward the end of the 
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century, reflecting both the comparatively small projected changes in climate in the 
region and fewer suitable or interesting tourist sites in the region, most of which are 
already in use. Also, each year, an ice channel is maintained by the US Antarctic 
Program to McMurdo Station that facilitates some tourist activity in the Ross Sea 
Region, which we were unable to capture in model predictions.  
 
Many of the important factors driving tourist landings identified by the model (e.g. 
distance to penguin colonies and historic sites) were recognised as important by 
Ezenbacher (1993). The significance of penguin colonies suggests that either the 
distance to penguin colonies acts as a proxy for an important variable describing 
goodness’ or ‘mildness of site’ that we did not directly measure, or that tourists like to 
visit penguin colonies. More likely it is both of these things. The models also indicate 
that accessibility is not the primary driver of tourist landing sites. This is likely 
attributable to is the fact that if there is no ‘feature of interest’, from a tourist operators 
point of view, there is little incentive to land, even if the site is accessible. And the more 
‘features of interest’, the higher the likelihood of landing.  
 
These findings are consistent with the sites projected to be likely landing sites at the 
end of the century in East Antarctica, and for a couple of predicted landing sites in the 
2015 season, where landings were not made that year, in particular – Cape Adare in 
the Ross Sea and Mt Siple in Marie Byrd Land. Cape Adare is home to the historic 
huts of Borchgrevink and the largest Adélie penguin colony in the world (Humphries 
et al. 2017) and has experienced regular landings since 1992. In fact, two vessels 
landed there in the preceding season (2014/2015) and four in the following season 
(2016/2017). In contrast, no tourists have ever been recorded landing at Mt Siple – 
most likely due to the remoteness of the location and the usually thick sea ice. 
However, the sea ice coverage in the 2015 season was lower than average and was 
even further reduced in the following 2016 season, when the Antarctic 
Circumnavigation Expedition was able to make an opportunistic stop due to the 
increased accessibility. However, such out of the way opportunistic stops are not 
typical of tourist ships on a tight schedule, with key tourist sites pre-committed in 
advertised itineraries, as well as high pressure to conclude trips on time to ensure 
tourists make homeward flights. The same trend is apparent for the future model 
projections of the end of the century, where like at Mt Siple, the increased accessibility 
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allowed access to features of interest that are currently inaccessible. These include 
the historic Dobrowolski station and monuments in the Bunger Hills, the penguin 
colonies and Syowa station in Dronning Maud Land and the stations, historic sites and 
penguin colonies in the Vestfold Hills. Whereas increased accessibility at other sites 
(with no features of interest) led to little increased likelihood of landing. 
 
Increasing the number and distribution of tourist landing sites, along with growing 
scientific activity, consequently increases the risk of non-native species transfer. 
Indeed, non-native plants and invertebrates have already established at key tourist 
landing sites (Hughes et al. 2015). Already acknowledged as a prevalent threat to 
Antarctic biodiversity (Chown et al. 2012a,b; Hughes et al. 2015a; Hughes & Pertierra 
2016), there is growing concern not only about introductions from outside the 
continent, but also via intra-regional transfer of both native and non-native species 
(Hughes & Convey 2010; Terauds et al. 2012; Chown et al. 2015; Hughes et al. 2019). 
Long term geographic isolation has produced evolutionary distinct lineages, where 
many Antarctic species are known only from a single bioregion (Velasco-Castrillón et 
al. 2014). Climate change induced increases in ice-free area and establishment 
suitability will only serve to increase the likelihood of biotic homegenisation amongst 
regions (Duffy et al. 2017; Lee et al. 2017). As tourist ships land at multiple sites, and 
often follow latitudinal gradients, they provide an ideal vector for transferring non-
native species to the continent and both native and non-native species between sites 
and sometimes bioregions.  
 
Increasing propagule pressure leads to increase likelihood of invasion. If 1.2 million 
tourists were all to carry an average of 9.5 seeds (Chown et al. 2012b) and land at 7.7 
tourist landing sites, there would be over 9.2 million opportunities for more than 11 
million seeds to reach the continent by 2050. Even if only 20% of these tourists 
(Huiskes et al. 2014) were to carry 9.5 seeds, there would still be over 1.8 million 
opportunities to disperse over 2.2 million seeds, not to mention the potential to transfer 
invertebrates (Houghton et al. 2016). If only a handful of these species established it 
could still have substantial negative impacts on local communities (Molina-
Montenegro et al. 2012; Hughes et al. 2015a). However, the mounting evidence for 
consequences of non-native species establishment has led to the Committee for 
Environmental Protection (CEP) and Antarctic Treaty Parties/National Programs 
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taking steps to prevent and manage introductions (CEP 2011; Chown et al. 2012b; 
Chown et al. 2015; Chown et al. 2017), though effort varies widely by Party (McGeoch 
et al. 2015; Hughes & Pierterra 2016). IAATO has been highly proactive in promoting 
and increasing biosecurity and employing standard procedures for landing visitors 
(Hughes & Pierterra 2016; IAATO 2017). Efficient biosecurity measures are an 
effective and inexpensive way to prevent widespread introductions of non-native 
species to the continent (Hughes 2015; Hughes & Pertierra 2016). As climate change 
progresses and conditions become suitable for species that are currently unable to 
establish (Duffy et al. 2017), it will become even more important for the growing 
Antarctic tourism industry to increase, maintain and monitor biosecurity. 
 
Careful biosecurity will be particularly pertinent in the Antarctic Peninsula region, 
where the projected climate change and increasing suitability for non-native species 
is most severe, and where the majority of Antarctic tourism currently operates. 
Expansions in tourist landing sites to the East Antarctic, reflecting the projected 
change in degree days and consequent expansion of ice-free areas (Lee et al. 2017), 
will also require careful biosecurity considerations to prevent transfer of both native 
and non-native species in a region that is comparatively remote and rarely visited. 
Consideration will also be needed on minimising potential wildlife disturbance, physical 
damage and pollution to regions that are currently little impacted (i.e. low intensity of 
TLS). For example, gentoo and Adélie penguin reproductive success has been linked 
to the number of visiting tourists (Lynch et al. 2010).  
 
As a measure of tourism impact, Headland in 1994, calculated the number of tourist 
and National Program ‘man days’ with the assumption that human impacts are directly 
proportional to the number of people present and the duration of their presence. He 
found tourism to make up only a fraction - 0.52% - (3,270 people days) of the total, 
where the majority was from the operating stations and logistics (629,255 people 
days). Even if using the same number for operating stations today, a conservative 
estimate, and using the most recent tourism season (2016-2017), the tourist industry 
still only makes up 5.33% of the total (36,907 visitors * 7.7 landings * 3hrs = 35,523 
people hours), highlighting the concurrent large potential impacts of scientific research 
on the Antarctic environment. However, increasing tourist landings, particularly if 
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concentrated in certain regions or in new regions could still have substantial localised 
impacts.  
 
The increasing interest in the issue at recent Antarctic Treaty Consultative Meetings 
(ATCM) has resulted in calls to assess tourism impacts and vulnerabilities of sites, 
determine ‘trigger levels’ of sensitive sites, and to develop site management plans for 
sustainable management into the future (for example see ATCM XXXV – WP022; 
ATCM XXXIX – Article 17, WP028; ATCM XL – WP031, ATCM XLI – WP022; CEP 5-
Year Work Plan: CEP XX, Appendix 1, 2017). There is a clear need for evidence-
based science to inform decision making on the topic at this key forum before tourism, 
and science, grows even further. Indeed, the recent growth of the industry and the 
increasing concerns have led to a joint proposal between the Scientific Committee on 
Antarctic Research and IAATO, to develop a systematic conservation plan for the 
Antarctic Peninsula (ATCM XL – IP166, 2017). Such a plan will inform management 
of human activity in the area and will include recommendations for minimising 
environmental impacts of tourist landings and scientific activity. 
 
IAATO has a strong record for minimising impacts by tourists in the Antarctic thus far 
(Haase et al. 2009; IAATO 2017) and are well placed to effect change on these fronts 
through active management and maintaining and updating their standard procedures 
and guidelines as necessary. As well as revising and upholding strict biosecurity 
procedures, updates may also include changing visitor number restrictions at some 
sites, limiting the annual number of vessels in a region or preventing access to key 
conservation sites. Increased support and guidance from the Antarctic Treaty System 
would help to strengthen IAATOs governance of the tourism industry (Haase et al. 
2009; Liggett et al. 2011). While nature-based tourism is not often known to result in 
direct conservation outcomes (Brandon 1996; Krüger 2005; Eijgelaar et al. 2010; Lück 
et al. 2010), it is widely acknowledged to have great potential through ‘transformative 
experiences’, education and ‘ambassadorship’ (Snyder 2007; Eijgelaar et al. 2010; 
Vila et al. 2016). In Antarctica tourism currently contributes to conservation primarily 
through education and the promotion of eco-tourism, where first-hand experiences and 
immersive education can transform visitors into ambassadors and advocates, 
providing much needed support for protection and conservation of the visited regions 
(Headland et al. 1994; Vila et al. 2016). For example, one study found that education 
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and experience led to increased understanding of threats facing the region (climate 
change, human activity), and indeed, over 60% of surveyed tourists supported the 
implementation of a conservation tax for Antarctic visitors (Vila et al. 2016). Policy 
change is primarily driven through public awareness and pressure (Anderson et al. 
2017), and an increasing number of visitors, and associated increase in public 
awareness will only help to fuel this support. 
 
Whilst this study investigated potential changes to the distribution and intensity of 
landing sites in the Antarctic, it has not assessed how popularity of sites may change 
in terms of total visitor numbers, which could help to identify sites at particular risk of 
non-native species transfer or physical impact and is an obvious future direction for 
this work. Eight landing sites in the Antarctic Peninsula were identified as hotspots in 
2009 that attracted a disproportionate number of tourists; whether this trend is likely 
to continue into the future has important implications for conservation planning (Lynch 
et al. 2009).  
 
It is clear that Antarctic tourism is in a period of growth and that climate change seems 
likely to expand the distribution and intensity of tourist landing sites across the 
Antarctic continent. These landings are likely to occur where increased accessibility 
allows new access to penguin colonies, historic sites or monuments and operating 
stations. Movement of penguin colonies with climate, or construction of new stations, 
may be followed by increased tourism in the region. This growth presents additional 
risks to Antarctic biodiversity, particularly via potential transfer of non-native species 
or physical disturbance. However, proactive planning by IAATO in consultation with, 
and the support of, the Antarctic Treaty Parties and evidence-based science, including 
designation of appropriate ASPAs, will help to mitigate and minimise the potential 
impacts. Tourism forms an essential component of Antarctic conservation and 
provides a unique opportunity to better engage the global population in on-ground 
conservation and education.  
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Antarctic terrestrial biodiversity faces multiple threats including climate 
change, invasive species, pollution and expanding human activity. 
Understanding how to conserve biodiversity in the face of these multiple threats 
is a high priority for the Antarctic Treaty System. Yet, no large-scale 
assessments have been undertaken to understand which management actions 
are most beneficial and cost-effective for ensuring the persistence of 
biodiversity on the Antarctic continent. Here we use Priority Threat 
Management, a structured decision science approach, to identify a set of cost-
effective strategies for achieving biodiversity conservation in Antarctica by 
2100, under two Intergovernmental Panel on Climate Change (IPCC) climate 
forcing scenarios. Up to 92% of biodiversity groups could decline without the 
implementation of any new strategies. Implementing all strategies, at a modest 
cost of AUD$3.3 billion, could benefit up to 87% of biodiversity groups. 
Influencing global policy to reduce external pressures, namely climate change, 
was identified as both the most cost-effective strategy and the individual 
strategy expected to provide the highest benefit to biodiversity. Managing air 
and sea transportation to reduce pollution and disturbance and modifying 
human behaviour on the ground to reduce impact were also identified as highly 
cost-effective strategies. These findings are crucial for informing the 
recommendations given by the Committee for Environmental Protection to 
Antarctic Treaty Consultative Parties. Conserving Antarctic biodiversity for 
future generations requires global cooperation in mitigating carbon emissions. 
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Introduction 
 
Antarctica is often considered the world’s last true wilderness, a ‘gold star’ nature 
reserve largely free of the threats to the environment that beset the rest of the world 
(Bargagli 2005; Shaw et al. 2014). Yet threats to Antarctic biodiversity are intensifying 
at an unprecedented rate, including invasive species, pollution, an expanding human 
footprint from both science and tourism, and climate change exacerbating most other 
threats (Chown et al. 2012a; Tin et al. 2014; Chown et al. 2015; Duffy et al. 2017; Lee 
et al. 2017). For example, the Antarctic Peninsula is one of the most rapidly warming 
regions in the Southern Hemisphere (Vaughan et al. 2003; Mulvaney et al. 2012), 
established non-native plants appear able to outcompete the two native plants 
(Molina-Montenegro et al. 2012), annual tourist numbers have increased rapidly since 
the 1990s to over 50,000 in 2017/2018 (IAATO 2018), and whilst the extreme climate 
currently provides an effective barrier to many invasive species, with warming the 
barrier is expected to be lowered (Duffy et al. 2017).  
 
While the threats to Antarctica’s biodiversity are increasingly well documented, our 
understanding of how to respond to these threats and manage Antarctica’s natural 
environment is limited. Indeed, Antarctica is no closer to meeting global conservation 
targets, such as the Strategic Goals of the Convention on Biological Diversity (CBD) 
and Aichi targets on environmental protection, or curbing biodiversity loss, than the 
global average (CBD 2011; Shaw et al. 2014; Chown et al. 2017). Currently, the 
Antarctic protected area network is too small to adequately protect or represent the 
full range of biodiversity, and is at risk from anthropogenic disturbances (Shaw et al. 
2014). Consequently, recognising and mitigating human influence has been identified 
as one of six scientific priorities for the region (Kennicutt et al. 2014), and the 
Committee for Environmental Protection (CEP) of the Antarctic Treaty System (ATS) 
has recently labelled climate change, invasive species and expanding tourism as high 
priority issues (CEP XX, Appendix 1, 2017). Yet there are no comprehensive, spatially-
explicit, cost-effective prioritisations of conservation actions for Antarctica.  
 
Here we follow a participatory structured decision science approach to identify a set 
of cost-effective strategies for achieving biodiversity conservation in Antarctica. 
Resources available for conservation are limited, and it is crucial to understand how 
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those resources should be invested in a way that maximises the benefit to biodiversity 
(Wilson et al. 2007; Game et al. 2013). To produce cost-effective outcomes for 
biodiversity conservation, we prioritise management actions accounting for feasibility, 
cost and the estimated benefit (Bottrill et al. 2008; Carwardine et al. 2012). We adapt 
Priority Threat Management (PTM; Carwardine et al. 2012; Carwardine et al. 2018), a 
method that has been successfully used to prioritise management strategies for 
biodiversity in regions covering a quarter of the Australian continent, including the 
Pilbara (Chadés et al. 2015) and Lake Eyre Basin (Firn et al. 2015), and has recently 
been applied in Indonesia (Ni Wayan et al. in prep) and Canada (Martin et al. 2018). 
PTM utilises available empirical data and expert knowledge on the costs, benefits and 
feasibility of management strategies to identify cost-effective and complementary 
priority strategies that generate the greatest benefits per dollar spent. The approach 
brings together key experts and stakeholders in the region to share knowledge, build 
common understandings, and help to generate support for the implementation of the 
priority strategies identified.  
 
To implement the PTM approach for Antarctica, we brought together a diverse team 
of policymakers, logistics managers, NGOs, and biodiversity and conservation experts 
in an international workshop to prioritise management actions for conserving terrestrial 
Antarctic biodiversity in the face of multiple threats. Specifically, we aimed to identify 
the most beneficial, and most cost-effective management strategies for conserving 
terrestrial Antarctic biodiversity into the end of the 21st century under multiple climate 
change scenarios. 
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Methods 
 
Priority threat management is a structured 
decision science approach that combines 
expert elicitation and scientific data to identify 
optimal and cost-efficient threat management 
strategies for conserving biodiversity across 
a region. The method brings together relevant 
stakeholders in a workshop to define 
appropriate biodiversity features, 
management strategies, costs and feasibility, 
and utilises expert knowledge to derive 
predicted benefits to biodiversity for each 
management strategy. Further details of the 
PTM background and method are described 
in Carwardine et al. 2018, and a simple 
flowchart of the overall method developed for 
Antarctica is given in Figure 5.1 and 
expanded on in Appendix 5.1.  
 
PTM is extremely well suited to an Antarctic 
context as the remoteness and comparatively 
young nature of Antarctic science make it 
data poor. This is especially prominent in the 
biological sciences, where vast tracts of 
unsurveyed wilderness have resulted in a 
lack of quantitative data on comprehensive 
species taxonomy and distributions, and 
limited understanding of physiology. Where 
data and expert knowledge on biodiversity and potential conservation strategies do 
exist, they are often held in disparate sources, including the separation of expertise by 
subject matter. Thus, a process for bringing together expert knowledge is crucial for 
underpinning conservation plans and prioritisations alongside empirical data.   
 
Figure 5.1 | Simple overview of steps 
required in Antarctic Priority Threat 
Management. 
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We followed the Priority Threat Management approach, adapting it as required to suit 
Antarctic biodiversity. This consisted of defining the region, timeframe and climate 
change scenarios pre-workshop, using expert elicitation during the workshop to define 
the threats, biodiversity groups, management strategies, costs and feasibility of each 
strategy, and to assess the benefit of each strategy for each biodiversity group. Post-
workshop we quality checked the data and undertook cost-effectiveness analysis. 
 
Region, timeframe, and climate scenarios 
The Antarctic region was defined, as per the Antarctic Treaty, as all landmass south 
of 60°S, including islands (Antarctic Treaty 1959). The end of the century, i.e. 2100, 
was selected as the timeframe for the project, which is 83 years from the time of the 
workshop.  
 
Two Intergovernmental Panel on Climate Change (IPCC) Representative 
Concentration Pathway (RCP) climate forcing scenarios (i.e. RCP4.5, 8.5) were 
selected for the assessments and analysis (IPCC 2013). The RCP4.5 pathway is 
based on moderate carbon emissions, and RCP8.5 represents severe, business-as-
usual emissions (IPCC 2013) and is the scenario the globe is currently tracking (Peters 
et al. 2013). Recent research suggests even RCP8.5 is an underestimate of potential 
warming (Brown & Caldeira 2017). We did not use a scenario representing ‘no climate 
change’ as this was considered unrealistic (Gasser et al. 2015). However, one of the 
outcomes of the successful implementation of the ‘Policy Influence’ strategy was that 
global carbon emissions would be reduced. Therefore, RCP2.6, the low emissions 
scenario and the only one to keep global warming to <2°C (IPCC 2013; Gasser et al. 
2015), was used to assess the ‘Policy Influence’ and ‘All Strategies Combined’ 
strategies, instead of RCP4.5 or 8.5. 
 
We divided the assessment area into two regions – peninsular Antarctica and 
continental Antarctica (Fig. 5.2). These regions are climatically distinct (Trusel et al. 
2015; Lee et al. 2017) and represent a broad biological division (Chown & Convey 
2007). They also have distinct logistic and operational considerations.  
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Figure 5.2 | Area considered for Antarctic Priority Threat Management project. 
Ice-free areas of the Antarctic continent were divided into two broad regions 
(Peninsula and Continent) representing two broad climate zones, where the Antarctic 
Peninsula has a milder climate and is exhibiting greater degrees of climate change 
than continental Antarctica. Ice-free areas are not drawn to scale. 
 
 
Expert participants and elicitation 
The participants in the PTM process consisted of 29 diverse experts (four participated 
remotely). We aimed to ensure that experts had diverse comprehensive expertise in 
biodiversity, policymaking, logistics, tourism and conservation (Fig. 5.3), with 
experience working with a variety of National Antarctic Programs operating in different 
regions of the continent. The experts came from 12 different countries, with 
representatives from every continent (Fig. 5.3). We aimed to ensure the group had 
balanced gender representation and included early career researchers. The expert 
elicitation was primarily carried out during a two-day workshop in Belgium, July 2017, 
though extensive preparatory work and follow up was required. Participation involved 
structured sessions at the workshop, as well as pre-workshop and follow up email 
communication: to enable the definition and parameterisation of biodiversity features, 
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threats, time frame, spatial units, scenarios, as well as the list of management 
strategies and their costs, feasibility and benefits. An independent facilitator with no 
Antarctic affiliation helped with running the workshop and ensuring all experts 
contributions were heard and accounted for. 
 
Figure 5.3 | Representation of priority threat management experts across 
countries, expertise topics, gender and career stage. Career stage was time post 
PhD (or industry equivalent), where early = < 5yrs, mid = 5 – 10yrs, senior = > 10yrs. 
 
 
Biodiversity Groups 
We focused on terrestrial Antarctic biodiversity, which includes microbes, 
invertebrates, moss, lichens, and two vascular plants (Convey et al. 2008; Chown et 
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al. 2015). A large number of pinnipeds and seabirds, including three species of 
penguin, also rely on ice-free areas for breeding (Convey et al. 2008).  
 
The biodiversity experts agreed on a total of 38 biodiversity groups, which ranged from 
single species to broader functional groups (Appendix 5.2). Each group contained 
species that were expected to respond similarly and on the same magnitude to 
threatening processes and management strategies. The taxonomic resolution of 
groups differed depending on predicted response, for example seabird species all 
formed individual groups, whilst soil microfauna were grouped based on habitat 
requirements (eg. moss associated tardigrades, rotifers & nematodes formed a single 
group). A further six groups identified were not included in the analysis as no experts 
felt comfortable assessing them. These included: thalloid liverworts, freshwater 
decapods & copepods, non-marine aquatic system plankton, sea-ice dependant and 
sea-ice independent seals. 
 
Threats 
Prior to the workshop, experts identified multiple threatening processes that could 
impact Antarctic biodiversity by 2100, including direct and indirect impacts of climate 
change, human activity (science and tourism), non-native species and pollution 
(Appendix 5.3). Background information on, and predictions for some of these threats 
on a 2100 timeframe were provided to the experts to assist with their decisions, 
including maps of projected changes in temperature, precipitation, ice-free areas and 
invasive species for RCP4.5 and RCP 8.5 across the Antarctic continent. 
 
Management Strategies 
Experts agreed on a total of 14 strategies for managing and conserving Antarctic 
terrestrial biodiversity to 2100 (Table 5.1; Appendix 5.4). A quantifiable aim was 
determined for each strategy (Table 5.1). Strategies had to be able to stand-alone, 
providing a substantial benefit to biodiversity, without being contingent on the 
implementation of another strategy to successfully meet its aim. If strategies were too 
interdependent, one strategy was amalgamated with the other (for example, managing 
individual species on the ground and protecting individual species via policy were 
combined to form the ‘manage and protecting species’ strategy). 
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The first strategy defined was to ‘Do nothing new’ and represented a baseline against 
which other strategies could be evaluated. The other strategies included managing 
infrastructure, transport, human activity, and invasive species, area protection and 
protecting species. The ‘Policy influence’ strategy objective aimed to influence global 
policy to reduce pressures on Antarctica from external threats, e.g. climate change, 
microplastics, or persistent organic pollutants (POP’s). The final two strategies ‘All 
strategies combined excluding policy influence’, and ‘All strategies combined’ are a 
combination of the other strategies. The ‘Policy influence’ strategy assumes that an 
outcome of the strategy being successfully implemented is that the Paris Agreement 
is met and that global warming is kept to <2°C (Gasser et al. 2015; UNFCCC 2015). 
Therefore, RCP2.6 is used for the expert assessments of this strategy instead of 
RCP4.5 or RCP8.5. Because the ‘All strategies combined’ strategy includes ‘Policy 
influence’, it was also assessed under RCP2.6. 
 
Each strategy consisted of a suite of actions determined by the experts, which together 
ensure the strategy can successfully meet its objective/s. The actions are detailed in 
Appendix 5.4.  
 
Table 5.1 | Overview of proposed management strategies for conserving 
Antarctic biodiversity. An expanded table detailing specific actions, costs and 
feasibility is available as Appendix 5.4. Shorthand strategy name in brackets. 
 
Strategy Name Objectives 
Do nothing new (Baseline) Continue with actions and strategies currently in use, but neither 
expand on these strategies nor employ new strategies. Baseline 
against which to measure other strategies 
Remediation (Remediate) Increase amount of or improve quality of habitat available to 
biodiversity in comparison to habitat available today (2017) by 
remediating 20 legacy sites (incl freshwater) that will provide the best 
benefit to biodiversity 
Manage existing 
infrastructure (Exist Infra) 
Reduce and minimise impacts of existing infrastructure compared to 
the current (2017) levels 
Manage new infrastructure 
(New Infra) 
Prevent, reduce and minimise impacts of new infrastructure 
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Transport management 
(Transport) 
Reduce and minimise impacts of transport compared to current 
levels 
Manage non-native 
species and disease (Non-
native) 
Where possible prevent establishment of new populations of non-
native species. Eradicate, or if not possible minimise impacts, of 
established non-native species 
Manage fur seals (Fur 
Seals) 
Halt the decline in loss of terrestrial ecosystem extent through direct 
fur seal damage/impact at key sites  
Protecting areas 
(Protecting Areas) 
Implement a Comprehensive, Adequate, Representative & Efficient 
(CARE) protected area network:  
Double the # of protected areas by 2100 (74 ASPA’s today) 
Combine managing fur 
seals & protecting areas 
(Fur Seals & PAs) 
Double the number of PAs in Antarctica by 2100 and halt decline of 
terrestrial ecosystem through fur seal impacts at key sites 
Manage and protect 
species (Protecting 
Species) 
1. Identify and protect threatened species 
(assume 10 - 15 species to be listed) 
 
2. Prevent extinction of native species in-situ) 
 
Modify human behaviour 
(Human Activities) 
Prevent / improve / minimise physical impact of human activity on 
biodiversity and its habitat compared to current levels 
Policy influence (Policy 
Influence) 
Influence global policy to minimise or reduce impacts of threats on 
Antarctic biodiversity that originate externally (assume keep to Paris 
Agreement - <2degrees warming) 
All strategies combined 
excluding policy influence 
(All strats excl PI) 
All management strategies except policy influence 
All strategies combined (All 
Strategies) 
All management strategies 
 
 
Feasibility and cost 
Feasibility consisted of two aspects: ‘likelihood of uptake’ and ‘likelihood of success’, 
which were estimated by the experts using the scale provided in Appendix 5.5.  
Likelihood of uptake was estimated for each action and represents the likelihood that 
decision-makers will agree to implement this action considering social and political 
factors, though assuming that cost is not a barrier. The likelihood of uptake estimates 
98 
 
were averaged for all actions in the strategy to obtain an overall estimate per strategy. 
Likelihood of success was estimated per strategy and represents the likelihood that 
the strategy will meet its objectives, assuming that all actions have been successfully 
implemented. Overall feasibility per strategy was calculated as a product of the two 
likelihoods and are provided as probabilities (Appendix 5.4). 
 
Using existing information where available, experts estimated the cost for each action 
over the 83 year time horizon being considered. Costs typically consisted of: number 
of Full Time Equivalent (FTE) employees, number of Antarctic berths required and 
other costs (eg. number of workshops, laboratory analysis etc). The cost of FTEs (in 
Antarctica and not in Antarctica), berths (short summer, long summer, and winter) and 
other costs that were used multiple times (such as workshops) were standardised 
across strategies using the average AUD value of cost estimates given from multiple 
National Antarctic Programs. It was assumed there were 30 National Antarctic 
Programs operating, with 35 seasonal stations and 45 permanent stations operating. 
 
The total cost of the strategies over the whole timeframe were converted to present 
day values (present value: PV) using a conservative social discount rate of 2%, though 
PVs were also compared using discount rates of 0 and 5%. 
 
To simplify the process, it was assumed that costs and feasibility would remain the 
same for both RCP4.5 and RCP8.5. Cost was adjusted for regional analysis based on 
experts’ estimation of the percentage of total effort the strategy would require in each 
region. 
 
Benefit Assessments  
To estimate the predicted benefits of each management strategy, biodiversity experts 
individually estimated the intactness of each biodiversity group at 2100, first under the 
‘Do nothing’ baseline strategy and then again for each of the thirteen strategies, 
assuming each strategy had been successfully implemented and would meet its aims. 
Intactness values were always relative to the intactness of the feature today (2017), 
where a value of 100 indicates ‘intactness for the group is the same as today’, a value 
of 0 represents the ‘group is completely degraded relative to today’, and a value of 
200 represents ‘the group is doing twice as well as today’. The experts considered a 
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scale of 0 to 200 necessary for Antarctic taxa, as some groups are predicted to expand 
and benefit with climate warming (e.g. the two vascular plants are already expanding 
southward; Chown & Convey 2007; Cavieres et al. 2016).  
 
Experts were encouraged to conceptualise intactness in any way they thought 
appropriate for different taxonomic groups, for example extinction risk, population 
decline, or functional persistence might be appropriate for vertebrates, but range 
contraction, ground cover, or density might be more appropriate for vegetation or 
invertebrates, which are unlikely to become extinct by 2100. 
 
Benefits were estimated using an online tool created with JavaScript and HTML, and 
hosted by a NodeJS web server on Amazon Web Services. The tool effectively 
functioned as a survey where biodiversity experts could select the feature they wished 
to assess and then proceed through the questions estimating the benefits for both 
regions (Antarctic Peninsula and continental Antarctica) and for both climate forcing 
scenarios (RCP4.5 and RCP8.5) using a slider (Appendix 5.6). The experts provided 
a best guess, lower bound, and upper bound for each question, as well as a confidence 
value, which represents their confidence that the true value lay within the range of the 
lower to upper bound (Speirs-Bridge et al. 2010). They were also able to enter 
comments and identify sources of uncertainty in their estimates, categorised as 
knowledge shortfalls. 
 
Seven knowledge shortfalls were identified by Hortal et al. 2015 that represent gaps 
in our understanding of biodiversity data and hinder our abilities to answer hypothesis 
or make decisions, such as a limited understanding of species distributions (defined 
as a ‘Wallacean’ shortfall). An eighth shortfall was identified by Steven Chown and 
colleagues representing a technological shortfall (termed Galilean), where the data 
are available, but where we do not yet possess the skills or computing power to 
understand or interpret it adequately. The shortfalls are outlined in Appendix 5.7. The 
experts identified one or more relevant shortfalls for each biodiversity feature in an 
effort to better understand the drivers of uncertainty in benefit estimates. The shortfalls 
also provide useful information for directing future research to reduce data gaps and 
uncertainty. 
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Every effort was made to ensure each biodiversity group was assessed by multiple 
experts. Nevertheless, several had only one assessor while some had as many as 
seven. Post workshop, the biodiversity experts’ intactness values were anonymised 
and all estimates (for each biodiversity group) were circulated to allow experts the 
opportunity to revise their values in the light of the judgements of the expert group as 
a whole, as per the modified Delphi method (Speirs-Bridge et al. 2010; McBride et al. 
2012). Expert values were then averaged for use in the analysis.  
 
Total Benefits 
The potential benefit per strategy was calculated as the difference between the best 
guess intactness value of the strategy and the intactness value of the baseline. 
Benefits were summarised at different scales, including potential benefits per 
biodiversity group per region and climate scenario, and then summed to give regional 
and overall potential benefits for all biodiversity groups combined.  
 
Cost-effectiveness 
The cost-effectiveness of each strategy i (CEi) was calculated as the expected benefit 
(sum of all features) divided by the expected cost (Ci), where expected benefit was 
calculated as potential benefit (Bi) multiplied by feasibility (Fi): 
 
 
𝐶𝐸𝑖 =  
𝐵𝑖𝐹𝑖
𝐶𝑖
 
 
Strategies were ranked according to cost-effectiveness score, and rankings compared 
across regions, climate scenarios and biodiversity groups.  
 
Because some biodiversity groups were predicted to expand (i.e. increase intactness 
beyond the 100% values of today) under climate change, it was necessary to perform 
the analyses twice: first capping values at 100% so that the benefits of groups 
expanding above 100% intactness were excluded - as these groups may not be of 
conservation concern, and second including all benefits (Appendix 5.8).  
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Results 
 
Antarctic biodiversity groups varied in their expected vulnerability to threats by 2100 
(Fig. 5.4). Emperor penguins were identified as the most vulnerable group, followed 
by dry soil nematodes and Adélie and chinstrap penguins. Several groups are 
expected to remain in the same condition as today, whilst a large number are also 
expected to benefit from future (climate) changes, such as wet soil microbial 
communities and mat-forming terrestrial algae. 
 
If no new management strategies are employed, a minimum of 18% and a maximum 
of 92% of Antarctic biodiversity will decline by 2100 (Table 5.2a). A likely 63% of 
biodiversity groups would benefit from management under the ‘All strategies 
combined’ strategy (Table 5.2b). For individual strategies, ‘Policy influence’ is likely to 
benefit the most groups (%53), followed by ‘Manage non-native species and disease’ 
(47% for both RCP4.5 and RCP8.5), and then both ‘Manage and protecting species’ 
and ‘Protecting areas’ for RCP4.5 (45%) and Protecting areas for RCP8.5 (40%). 
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Figure 5.4 | Expected vulnerability of Antarctic biodiversity groups based on 
expert estimations of group intactness in 2100 under climate forcing scenario 
RCP8.5. Distance between features is not to scale (i.e. distance between emperor 
penguins and dry-soil nematodes may be different to the distance between dry-soil 
nematodes and Adélie penguins). 
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Table 5.2 | Percentage of Antarctic biodiversity groups likely to a) decline if no 
new conservation strategies are employed by 2100, and b) benefit from various 
strategies. Upper, best guess, and lower represent the bounds given by the 
biodiversity experts when assessing benefit. The upper bound can be considered a 
best-case scenario, the lower bound a worst-case scenario, and the best guess the 
experts best estimate of the true value. Estimates given for two IPCC climate forcing 
scenarios: RCP4.5 and RCP8.5. The lower climate forcing scenario RCP2.6 is used 
for the ‘Policy influence’ and ‘All strategies combined’ strategies instead of RCP4.5 or 
8.5, because an outcome of ‘Policy influence’ is that carbon emissions are reduced.  
a) 
% of biodiversity groups that decline 
Strategy RCP Upper Best guess Lower 
Do nothing new 
4.5 18.4 50.0 92.1 
8.5 18.4 39.5 89.5 
b) 
% of biodiversity groups that benefit 
Strategy RCP Upper Best guess Lower 
Remediate 
4.5 13.2 15.8 44.7 
8.5 13.2 15.8 39.5 
Exist Infra 
4.5 21.1 28.9 50.0 
8.5 18.4 28.9 44.7 
New Infra 
4.5 23.7 36.8 63.2 
8.5 28.9 34.2 55.3 
Transport 
4.5 23.7 31.6 60.5 
8.5 21.1 28.9 50.0 
Non-native 
4.5 31.6 47.4 73.7 
8.5 34.2 47.4 68.4 
Fur Seals 
4.5 7.9 13.2 28.9 
8.5 10.5 10.5 26.3 
Protecting Areas 
4.5 26.3 44.7 68.4 
8.5 26.3 39.5 55.3 
Fur Seals & PAs 
4.5 21.1 42.1 65.8 
8.5 21.1 34.2 52.6 
Protecting Species 
4.5 31.6 44.7 57.9 
8.5 34.2 36.8 52.6 
Human Activities 
4.5 21.1 31.6 57.9 
8.5 21.1 31.6 55.3 
Policy Influence 2.6 36.8 52.6 63.2 
All strats excl PI 
4.5 36.8 55.3 73.7 
8.5 44.7 52.6 68.4 
All Strategies 2.6 36.8 63.2 86.8 
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Figure 5.5 | Average expert intactness values and expected strategy benefits for 
two Antarctic groups at the end of the century under a baseline and 13 
management strategies; a) Average intactness values for Adélie penguins; b) 
Average benefit for Adélie penguins, c) Average intactness values for midges; d) 
Average benefit for midges. Bands represent ‘upper’ and ‘lower’ bands of expert 
intactness values respectively, whilst circle represents ‘best guess’. Values used to 
calculate benefit were capped at today’s (100%) intactness. The lower climate forcing 
scenario RCP2.6 is used for the Policy influence and All strategies combined 
strategies instead of RCP4.5 or 8.5, because an outcome of the Policy influence 
strategy is that carbon emissions are reduced. 
 
Intactness was predicted to decrease for some species and increase for others (see 
baseline for Adélie penguin and midge example in Fig. 5.5; Appendix 5.9). Response 
to management strategies and expected benefit also varied amongst biodiversity 
groups (see examples in Fig. 5.5; Appendix 5.9), where most management strategies 
generally provided benefit to biodiversity groups, but where ‘Policy influence’ could 
potentially result in declines for some groups where they are expected to have a 
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smaller increase in intactness under a reduced climate forcing scenario: ie. RCP2.6 in 
comparison to RCP4.5 or RCP8.5. 
 
 
Combined benefits for all biodiversity groups and both regions varied only marginally 
in response to the different climate forcing scenarios (Fig. 5.6; Table 5.2). For both 
RCP4.5 and RCP8.5 the strategy that provided the highest total benefit was ‘All 
strategies combined’, which by definition, is unsurprising.  The strategy providing the 
second highest benefit was ‘Policy influence’ followed by ‘All strategies combined 
excluding policy influence’. For RCP4.5 the next best strategy is ‘Manage and 
protecting species’, whilst for RCP8.5 it is ‘Manage non-native species and disease’ 
(Fig. 5.6; Table 5.2).  
 
The top three strategies (by benefit) remain the same regardless of region (Fig. 5.7). 
The fourth best strategy was consistently ‘Manage non-native species and disease’, 
except for the continent under RCP4.5 (fourth best in that case was ‘Managing and 
protecting species’). For individual biodiversity groups, the most beneficial strategy 
varied, though the two most common were ‘Policy influence’ (15.8% RCP4.5, 10.5% 
RCP8.5) and ‘Managing non-native species and disease’ (34.2% RCP4.5, 39.5% 
RCP8.5; Appendix 5.10 and 5.11). Higher benefits were generally predicted in the 
Antarctic Peninsula compared to the continent (Fig. 5.7).  
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Figure 5.6 | Total expected benefits of 13 management strategies for Antarctic 
biodiversity across the entire continent at the end of the century compared to 
the baseline; excluding benefits when a group is expected to increase beyond todays 
(100%) intactness values (see Appendix 5.12 including all benefits). The lower climate 
forcing scenario RCP2.6 is used for the ‘Policy influence’ and ‘All strategies combined’ 
strategies instead of RCP4.5 or 8.5, because an outcome of the ‘Policy influence’ 
strategy is that carbon emissions are reduced.  
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Figure 5.7 | Total expected benefits by region (continent and peninsula) of 13 
management strategies for Antarctic biodiversity at the end of the century 
compared to the baseline; excluding benefits when a group is expected to increase 
beyond todays (100%) intactness values. The lower climate forcing scenario RCP2.6 
is used for the ‘Policy influence’ and ‘All strategies combined’ strategies instead of 
RCP4.5 or 8.5, because an outcome of the ‘Policy influence’ strategy is that carbon 
emissions are reduced. 
 
Present value (PV) of management strategies varied depending on the chosen 
discount rate (Fig. 5.8), though the order of most-to-least expensive was largely 
consistent. Combining all strategies was always the most expensive strategy, 
marginally followed by ‘All strategies combined excluding policy influence’. The third 
and fourth most expensive strategies are ‘Managing existing infrastructure’ and 
‘Managing non-native species and disease’ respectively. The cheapest strategy is 
influencing policy, followed by ‘Modifying human behaviour’ and ‘Managing fur seals’. 
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Figure 5.8 | Comparison of estimated present value of 13 management strategies 
for Antarctic biodiversity using three discount rates. Ordered from most to least 
expensive using a 2% discount rate. 
 
 
The relationships between expected benefit, estimated cost and feasibility are 
visualised in Figure 5.9. ‘All strategies combined’ and ‘All strategies combined 
excluding policy influence’ are both high cost, high benefit strategies (Fig. 5.9a), 
whereas ‘Policy influence’ is low cost, high benefit (Fig. 5.9a). ‘Managing transport’ 
and ‘Protecting areas’ have the highest feasibility after the baseline, whilst ‘Policy 
influence’ has the lowest feasibility. 
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Figure 5.9 | Expected benefit, estimated cost and feasibility of 13 management 
strategies for Antarctic biodiversity; a) Total expected benefit and estimated net 
present value, b) Total expected benefit and estimated feasibility, c) Estimated 
feasibility and estimated net present value. Total expected benefit excludes benefits 
when a feature is expected to increase beyond todays (100%) intactness values. Two 
IPCC climate forcing scenarios (RCP4.5 and PCR8.5) are used. The lower climate 
forcing scenario RCP2.6 is used for the ‘Policy influence’ and ‘All strategies combined’ 
strategies instead of RCP4.5 or 8.5, because an outcome of the ‘Policy influence’ 
strategy is that carbon emissions are reduced.  
 
 
Management strategies varied in their cost-effectiveness, though the most cost-
effective strategies were remarkably consistent across regions and RCP’s (Table 5.3). 
Despite its low feasibility, the most cost-effective strategy for both RCP4.5 and RCP8.5 
overall is influencing policy, due to its low cost (AUD$15 million) and high potential 
benefit. ‘Policy influence’ is followed by ‘Modifying human behaviour’, ‘Transport 
management’ and then ‘Protecting areas’ (Table 5.3). Regionally, ‘Policy influence’ 
was the most cost-effective strategy for both the continent and Peninsula regions, 
followed by ‘Modifying human behaviour’, ‘Transport management’ and then 
‘Protecting areas’ (except for the continent under RCP8.5 where ‘Transport 
management’ comes before ‘Modifying human behaviour’).  
 
Cost-effectiveness ranking of strategies varied by biodiversity group (Table 5.4); 
however, ‘Policy influence’, ‘Transport management’ and ‘Modifying human 
behaviour’, were predicted to provide high benefits across a range of taxonomic 
groups, regardless of climate forcing scenario.  
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Table 5.3 | Evaluation of key management strategies for Antarctic biodiversity 
under two climate forcing scenarios (RCP4.5; RCP8.5); estimated net present 
value, estimated feasibility, total estimated benefit (excluding benefits when a group 
is expected to increase beyond todays (100%) intactness values; see Appendix 5.13 
for including all benefit), cost-effectiveness. Ranked in descending order of cost-
effectiveness for RCP8.5. The lower climate forcing scenario RCP2.6 is used for the 
Policy Influence and All Strategies Combined strategies instead of RCP4.5 or 8.5, 
because an outcome of the Policy Influence strategy is that carbon emissions are 
reduced (therefore the values are the same in both columns). 
 
 
 RCP4.5 RCP8.5 
Strategy 
PV  
($AUD M) Feasibility Benefit Rank Benefit Rank 
Policy Influence 14.97 0.12 301.67 1 301.67 1 
Modify Human Behaviour 17.39 0.31 66.00 2 62.08 2 
Transport Management 52.00 0.72 52.33 3 68.33 3 
Protecting Areas 181.32 0.70 96.68 4 101.10 4 
Combined: PAs & Fur Seals 220.48 0.51 105.67 5 106.33 5 
Manage and Protect Species 361.25 0.53 129.63 6 130.17 6 
Manage New Infrastructure 325.86 0.63 61.50 7 81.25 7 
Manage Non-natives and 
Disease 846.97 0.59 124.88 9 167.25 8 
Manage Fur Seals 45.99 0.33 8.25 11 13.75 9 
Remediation 220.59 0.54 35.83 8 32.92 10 
All Strategies Combined 3296.47 0.51 387.88 10 387.88 11 
All Strats Combined excl PI 3281.51 0.55 225.73 12 286.27 12 
Manage Existing Infrastructure 1730.7 0.59 35.83 13 47.83 13 
Baseline 0.00 1.00 0.00 14 0.00 14 
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Table 5.4 | The three most cost-effective management strategies for 38 Antarctic 
biodiversity groups under climate forcing scenario RCP8.5; identified in order of 
significance as 1, 2, 3. The values in this table are based on a discount rate of 2% and 
exclude benefits when a group is expected to increase beyond todays (100%) 
intactness values (if a group only has benefits beyond 100% no strategies have been 
identified). Cost-effective strategies under RCP4.5 are found in Appendix 5.14.  
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Adelie Penguins 2 3 1
Antarctic shag 2 1 3
Bank-forming Mosses 1
Biological soil crust communities 2 3 1
Chinstrap Penguins 3 2 1
Colobanthus quitensis
Crustose lichens
Deschampsia antarctica
Dry soil microbial communities 1 2
Emperor Penguins 2 3 1
Entomobryomorpha springtails 3 1 2
Freshwater nems,rotis,tardis 2 3 1
Freshwater or Limnetic algae 1 2
Fruiticose & Foliose lichens
Gentoo Penguins 2 3 1
Greater sheathbill 1 3 2
Hydric Mosses
Intertidal enchytraeids and 
oligochaetes
1 2
Intertidal mites
Intertidal springtails 1
Leafy Liverwort 2 3 1
Lithic microbial communities 1 2
Mat-forming terrestrial algae
Mesic Mosses
Microbial mats
Midges 2 3 1
Poduromorpha springtails 3 1 2
Procellariids 2 3 1
South Polar Skuas
Southern giant petrels 2 1 3
Terrestrial, dry soil nematodes 3 2 1
Terrestrial, free-living mites
Moss associated nems,rotis,tardis 3 2 1
Penguin rookery associated 
nematodes
2 1 3
Wet soil nems,rotis,tardis 3 1 2
Truly aquatic mosses
Wet soil microbial communities
Xeric Mosses 2 3 1
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The uncertainties surrounding the biodiversity intactness given by the biodiversity 
experts were acknowledged via the identification of eight knowledge shortfalls. 
Eltonian and Prestonian shortfalls were identified for the highest number of groups 
(Fig. 5.10), whilst Galilean was the least identified shortfall. Shortfalls for individual 
biodiversity groups are provided in Appendix 5.15. 
 
 
 
Figure 5.10 | Eight shortfalls identified that limit understanding and assessment 
of groups of Antarctic biodiversity. See Appendix 5.7 for further detail on each fo 
the eight shortfalls. 
 
 
Discussion 
 
If no new conservation strategies are implemented in the Antarctic it is likely that 40 – 
50% of Antarctic biodiversity will decline by 2100 (up to 92% under the worst-case 
scenario). A likely 63%, and up to 87%, of biodiversity groups would benefit from 
comprehensive management combining all strategies. Though, 53%, and up to 63%, 
of groups would benefit from a single strategy aimed at reducing climate change.  
 
Climate change is an all-encompassing threat to Antarctic life, as demonstrated by the 
vast benefits that could be achieved if climate change were mitigated. This highlights 
the urgent need to look outside Antarctica in order to conserve it. These findings are 
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a timely reminder given a tendency to focus inward on Antarctic-centric conservation 
measures, such as invasive species management or area protection (e.g. Hughes et 
al. 2013b; Shaw et al. 2014; Chown et al. 2017). Both are important, but are pragmatic, 
short-medium term actions whose benefit pales in comparison with reducing the 
effects of climate change.  
 
Of course, the story becomes more complicated when you consider that some 
biodiversity groups are set to be ‘climate change winners’ and will, somewhat 
unusually from a global perspective, benefit from the increasing temperatures (Convey 
2011).  Certainly, this is logical when native taxa are primarily constrained by climate-
related abiotic factors such as a short window for growth and limiting water availability 
(Hogg et al. 2006; Chown et al. 2015). Taxa such as mites, microbes, some moss, 
gentoo penguins and both native Antarctic plants are predicted to expand their 
populations with a warmer climate, and indeed there is evidence this is already 
happening – with the greening moss of the Antarctic Peninsula, rapid expansion of 
Colobanthus quitensis and Deschampsia antarctica, and a southward range extension 
of gentoo penguins (Pygoscelis papua; Chown & Convey 2007; Forcada & Trathan 
2009; Cannone et al. 2016; Amesbury et al. 2017). Thus, influencing global policy to 
reduce climate change could actually be considered as a negative strategy for these 
groups as they may not expand as much as they might have otherwise. However, by 
definition, conservation is concerned with abating biodiversity loss or impact, so 
species improving of their own accord do not necessarily require conservation, and 
thus we chose to focus analyses on biodiversity groups predicted to decline (decrease 
intactness) by the end of the century (though the results also including benefits for 
climate change winners are provided in the Appendix). Though, in some cases, such 
as that of the two Antarctic midges Belgica Antarctica and Parochlus steinenii, the 
expansion of the group enabled by climate change might be buffering the impacts of 
other threats, whereby mitigating the climate change threat would actually lead to a 
decrease in intactness below today’s levels (Fig. 5.4) if appropriate conservation 
action was not taken to address the other threats. The expansion of some groups may 
also come at a cost to other native species who are poorly equipped to cope with 
increasing competition and a change in the status-quo (Collins & Hogg 2016; Lee et 
al. 2017).  
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Charismatic Antarctic megafauna are predicted to be the most vulnerable to multiple 
threats and are the clear losers of climate change on the icy continent, along with dry 
soil specialists and other specialist groups. Emperor penguins (Aptenodytes forsteri) 
emerged as the most vulnerable group, followed by dry soil nematodes, both of which 
have suffered observed declines in recent years linked to a changing climate (Forcada 
& Trathan 2009; Andriuzzi et al. 2018). Two-thirds of emperor colonies are projected 
to decline by a further > 50% by 2100 (Jenouvrier et al. 2014). Research targeted to 
better understand why some groups are more vulnerable than others (i.e. sensitivity 
and exposure; Williams et al. 2008) and the spatial patterns of these drivers across 
groups may help to further target conservation actions to particular regions (Lee et al. 
2015).  
 
Successfully influencing global policy to reduce climate change would provide by far 
the greatest benefit for Antarctic species as a single strategy (at least for those not 
predicted to do better under climate change). Even though the participants considered 
this strategy to have the lowest feasibility of all the strategies, its high cost-
effectiveness ranked it the number one priority, because of the low cost (AUD$15 
million) and the potentially very large benefit.  The analysis also highlighted a number 
of other efficient strategies. Modifying human behaviour, such as minimising on-
ground impacts of field teams and tourists, and transport management, such as 
reducing pollution and disturbance of vessels and aircraft, came out as the second 
and third most cost-effective solutions respectively, regardless of climate forcing 
scenario. Neither have traditionally been considered conservation priorities (Chown et 
al. 2012a; CEP XX, Appendix I, 2017) and are potentially good opportunities for fast 
and cost-effective improvements. 
 
For individual strategies, after influencing global policy to reduce climate change, the 
highest benefits are provided by managing non-native species and disease and 
managing and protecting species individually. Both strategies are expected to be 
relatively expensive ($847 million and $361 million respectively) as they may require 
intensive on-ground action, such as eradicating non-native species or translocating 
individuals. Ironically, if climate change were reduced or largely prevented the risk of 
non-native species invasion and necessary management of individual species would 
be largely diminished in comparison to what will otherwise be necessary. Climate 
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change is predicted to weaken physical barriers for non-native species establishment 
in the Antarctic (Frenot et al. 2005; Chown et al. 2012b; Duffy et al. 2017; Lee et al. 
2017), which is currently afforded some protection due to its isolation, fragmentation 
of ice-free land and harsh climate. Milder climates may also increase accessibility for 
science and tourism, thereby increasing opportunities for non-native species transfer.  
 
The most cost-effective strategies were remarkably consistent across region and RCP. 
The top-ranking strategies are always policy influence, modifying human behaviour 
and transport management in terms of cost-effectiveness, whilst policy influence, 
managing non-native species and disease, and managing and protecting species 
typically provided the highest benefit (excluding the combined strategies). If 
conservation actions are targeted at specific biodiversity feature there is more 
variation, and it becomes clear some strategies that provide very little benefit to 
biodiversity overall may be key to some groups, such as managing fur seals for bank-
forming moss. However, if the primary objective is to improve outcomes for Antarctic 
terrestrial biodiversity in its entirety, it is far more cost-effective to consider benefits for 
multiple groups and undertake landscape scale conservation (Bottrill et al. 2008; 
Carwardine et al. 2012). 
 
The magnitude of costs remained the same regardless of discount rate applied and it 
had no impact on the order of top-ranking cost-effective strategies. However, the costs 
- or rather the number and scale of the actions underlying them, may be considered 
subjective. In some cases, you can essentially pay more to receive additional benefits. 
A good example is managing invasive species – if you further increase biosecurity you 
may further increase your benefit to biodiversity. And some management strategies 
include large amounts of preparatory work to optimally make decisions and take 
appropriate actions. The primary example is baseline biodiversity surveys undertaken 
in the ‘Manage invasive species and disease’ strategy and ‘Manage existing 
infrastructure’ strategy, which make the strategies substantially costlier than they 
would otherwise be. This was also an Antarctic priority threat management exercise, 
and the goal was to prioritise strategies and actions the Antarctic community can 
undertake. Thus, whilst we identified a strategy to influence global policy, the actions 
were targeted at our contribution and did not include the global costs of actually 
reducing carbon emissions, such as swapping to renewables, carbon sequestration or 
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geo-engineering the atmosphere (Zhang et al. 2015; Griscom et al. 2017). However, 
the strategies were consistently costed as the actions required to meet the strategies 
aims, and the experts revised them multiple times to ensure this. Whilst differing aims 
may result in a different prioritisation, we spent time carefully defining the aims as this 
is paramount to ensuring useful outcomes, as it is in any conservation planning 
exercise (Game et al. 2013).  
 
The inclusion of baseline surveys in some strategies highlights that our understanding 
is limited by uncertainty and data-deficiency, further emphasised by the number of 
knowledge shortfalls identified across all biodiversity features. Two shortfalls were 
identified as being extremely prominent and a source of uncertainty for over 30 
biodiversity groups – the Prestonian shortfall relates to uncertainty regarding 
population abundance and dynamics, and the Eltonian shortfall highlights a lack of 
knowledge surrounding ecological interactions and impacts on species fitness. Future 
research could be targeted to reduce data gaps and uncertainty in these areas. 
 
Conservation decision-making is often plagued by complexity and uncertainty and 
decisions must be made utilising the best available information at the time (Carwardine 
et al. 2012; Game et al. 2013). Due to time, resource, and knowledge constraints we 
made assumptions to simplify the prioritisation process, such as utilising the same 
costs for RCP4.5 and RCP8.5, which may have impacted the accuracy of our results. 
Despite the unknowns, there are clearly a number of cost-effective strategies that 
could provide considerable benefit to biodiversity. However, developing and 
prioritising conservation strategies is only the first step, implementation is the bigger 
challenge.  
 
The Antarctic Treaty was established in 1959 as an international agreement to govern 
the Antarctic region. Today, there are 29 Consultative Parties (countries) to the 
Antarctic Treaty who play an active role in policymaking and governance. The 
Environment Protocol was signed in 1991 and the Committee for Environmental 
Protection (CEP), with delegates from all Consultative Parties, was established to 
advise the Antarctic Treaty System on all environmental matters. Due to the global 
nature of Antarctic science and governance, effective conservation requires 
transcending national boundaries. 
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Further engaging with the CEP is the obvious next step in furthering action. Such 
engagement could take the form of recommendations on priority management 
strategies through the submission of Working and Information Papers to annual 
Antarctic Treaty Consultative Meeting (ATCM). The CEP has demonstrated 
considerable capacity for utilising scientific advice to inform Antarctic policy and 
represents a key mechanism for facilitating policy change and action. Indeed, the CEP 
has already highlighted climate change, and the introduction of non-native species as 
Priority 1 issues to be considered in their 5-Year Work Plan (CEP XX, Appendix I, 
2017). The provision of scientific advice to the CEP and Antarctic Treaty Consultative 
Parties could also facilitate on the ground actions. For example, National Antarctic 
Programs could begin to implement some of the easier and cheaper conservation 
actions and strategies, such as improving education for all visiting scientists and 
utilising remote sensing technology instead of field parties where possible. They could 
also designate transport managers to utilise technology to reduce transport pollution 
and optimise routes and timing to minimise wildlife disturbance. National Programs 
differ substantially in the levels to which they implement current management 
strategies (such as the degree of biosecurity for vessels and staff), and in some cases 
there may be large benefits in promoting standard levels of conservation management 
across Programs. The successful implementation of Annex VI to the Environment 
Protocol, which makes Parties liable for failure to respond to environmental 
emergencies, is an essential, though by no means comprehensive, first step.  
 
Tackling climate change is a global prerogative and whilst the Antarctic region may 
contribute comparatively minimal carbon emissions (which could be further reduced 
via improving transport that rely on fossil fuels; Eckhardt et al. 2013), Antarctic 
scientists and policymakers still have a role to play in pushing for change. The 
Scientific Committee on Antarctic Research (SCAR) and Antarctic Treaty Consultative 
Parties can further engage with relevant government bodies and intergovernmental 
processes such as the CBD, IPCC, and United Nations Environment Program (UNEP) 
to push for climate action. The scientific community also has an important role to play 
by raising the public profile of Antarctic biodiversity and highlighting the potential 
impacts of external threats. The plight of charismatic species that are endeared to the 
global population is likely to shock people and the emperor penguin and other 
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vulnerable groups may act as ambassador or flagship species to raise awareness. 
Antarctica is a global treasure and it will take a global effort to conserve it. Even if we 
are almost certain it will fail, we must act to influence global policy to mitigate climate 
change – thereby giving Antarctic biodiversity the best chance of surviving for future 
generations to see. 
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Chapter 6 | General Discussion 
 
The results of this PhD demonstrate that Antarctica can no longer be considered 
pristine, untouched or safe. Human activity within the region is growing, as are 
anthropogenic pressures from outside Antarctica. Climate change, in particular, is a 
multi-faceted threat with wide-ranging direct and indirect impacts on the Antarctic 
environment. Expansion of ice-free areas (Chapter 2), impacts of sea-level change 
(Chapter 3) and potential changes to the distribution of Antarctic tourism (Chapter 4) 
will place Antarctic biodiversity and environment at risk of fundamental changes, 
including increasing competition for space and resources, potential homogenisation, 
and declines across diverse Antarctic taxa. Fortunately, there are still many 
opportunities to secure the Antarctic and its contingent biodiversity for future 
generations (Chapter 5). In this general discussion I highlight the key results to emerge 
from this thesis and identify developing themes and conclusions from looking across 
this thesis as a whole. I also discuss some of the limitations of this research and 
identify future research directions that I believe are important for furthering Antarctic 
conservation.  
 
Key Outcomes 
 
In Chapter 2 I used temperature-index melt modelling, incorporating radiation and 
precipitation, and recently available high-resolution Antarctic climate data to assess 
the impacts of two climate forcing scenarios on Antarctic biodiversity habitat. This was 
the first time an assessment of climate change impacts on Antarctic biodiversity habitat 
has been considered at a broad scale. I found that ice-free area could rapidly expand 
across the continent with up to 17,000 km2 (a 25% increase) of new ice-free areas 
emerging in coastal sites by the end of the century. This expansion will be largely 
concentrated in the Antarctic Peninsula, which is also the region identified at highest 
risk of non-native species establishment (Chown et al. 2012b; Duffy et al. 2017). Whilst 
newly available habitat may be beneficial for some native species, it will also be 
advantageous for non-native species. The flexible and generalist natures of invasive 
species may give them a competitive advantage over native Antarctic species. 
Concerns also arise that Antarctic biodiversity may begin to homogenise with the 
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increasing connectivity derived from ice-free area expansion, leading to new 
opportunities for dispersal of both native and non-native taxa. It is likely that impacts 
on biodiversity would be largely reduced if global climate warming was kept to the 
below 2°C target of the Paris Agreements of 2015 (UNFCCC 2015).  
 
In Chapter 3, for the first time in the Antarctic region, I used three sea-level rise (0.5 
m, 1 m, 2 m) and two sea-level fall (0.5 m, 1 m) scenarios to consider the impacts of 
sea-level change on Antarctic biodiversity and human activity. I found that a 2 m sea-
level rise could place 68% of breeding penguin colonies, 60% of Antarctic Specially 
Protected Areas, 58% of Important Bird Areas, 40% of research infrastructure, and 
74% of tourist landing sites at risk of inundation. A sea-level fall of 1 m could expose 
another 7,500 km2 of new ice-free area, likely in addition to the ice-free expansion from 
ice melt, and increase the average distance to the coast for Antarctic features by over 
50 m. Both scenarios could lead to simultaneous movement of human activity and 
biodiversity, facilitating a ‘coastal-squeeze’ of competing interests and potentially 
resulting in substantial negative impacts on biodiversity. As with ice-free area 
expansion, the largest effects of sea-level change are likely to be in the Antarctic 
Peninsula, where a large number of closely situated features highlights the urgent 
need for development of regional sea-level assessments and management plans.  
 
In Chapter 4 I collated long term tourist records from IAATO into a single database 
and used it to investigate how tourism trends have changed across the Antarctic 
continent. Tourism has been steadily growing since the global financial crisis of 2008 
in both the continental and peninsula regions, with over 45,000 tourists landing on the 
Antarctic continent in the 2016/17 season. The number of visited tourist landing sites 
has also substantially grown in the Antarctic Peninsula, but remained largely stable 
across the rest of the continent. I then used this data and various environmental 
predictors, such as temperature, accessibility, amount of ice-free area, and distance 
to features of interest, to build statistical models for predicting the presence of tourist 
landing sites now and into the future. Models indicated that even if a site was physically 
accessible, if there were no features of interest at the site (such as penguin colonies 
or scientific stations), then it is unlikely that landings would be made. By the end of the 
century and under a ‘business as usual’ climate forcing scenario, new tourist landing 
sites may become accessible in the relatively remote East Antarctic, as well as a 
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substantial increase to the number of landing sites situated in the Antarctic Peninsula 
and South Orkney Islands. This was the first time the potential effects of climate 
change on Antarctic tourism have been quantified, as well as being a novel application 
of statistical models (normally applied in species distribution models of biodiversity). 
The changes in distribution and intensity of tourist landing sites may place increased 
pressures on Antarctic biodiversity through direct human impacts and via risk of 
inadvertent non-native species introductions.  
 
In Chapter 5 I used Priority Threat Management, a decision support framework, to 
prioritise conservation actions for terrestrial Antarctic biodiversity in the face of multiple 
threats and build an inclusive, broad scale conservation plan for terrestrial Antarctic 
biodiversity across the entire continent. This involved a two-day expert elicitation 
workshop, attended by global experts in Antarctic biodiversity, policy, and operations, 
where we derived biodiversity groups, threats, management strategies (consisting of 
multiple actions), and costs and feasibility of each strategy. Biodiversity experts 
estimated the benefit of applying each management strategy to each biodiversity 
group under two climate forcing scenarios and for the end of this century. Influencing 
global policy to reduce climate change, managing non-native species and managing 
and protecting species were identified as providing the greatest potential benefit to 
Antarctic biodiversity by 2100. Cost-benefit analysis revealed that influencing global 
policy, managing transportation and modifying human behaviour were highly cost-
effective, and in the case of transport and human behaviour, may represent low-
hanging fruit for conservation strategies not often considered in the Antarctic space. 
Climate change was identified as the greatest threat to Antarctic biodiversity, with 
global engagement and mitigation urgently needed. 
 
These chapters form some of the first quantifications of threat impacts, primarily 
climate change, on terrestrial Antarctic biodiversity at a continental scale. Chapter 5 
also represents the first major Antarctic conservation plan to target strategies at 
abating threats. Together this thesis represents a substantial contribution toward 
achieving the CEP’s aims to better understand and manage threatening processes for 
Antarctic biodiversity and environment. Chapter 2 was made available to the Antarctic 
Treaty System as an Information Paper at the 2017 ATCM in Beijing, China (ATCM 
XL, IP084, 2017). Key participants in the CEP are already aware of the work 
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undertaken in Chapters 3 – 5 and results will be made available to upcoming ATCMs 
in 2019, 2020.  
 
The non-extinction crisis  
 
Some of the material in this thesis raises the question of whether Antarctic 
conservation is even necessary. We are in the midst of a sixth mass extinction event 
globally (Ceballos et al. 2015). Over-exploitation and habitat loss are driving species 
declines (Maxwell et al. 2016), the human footprint is growing (Venter et al. 2016), 
wilderness is disappearing at unprecedented rates (Watson et al. 2016; Jones et al. 
2018), and climate change is expected to further accelerate the extinction rate, putting 
one in every six species at risk (Urban 2015). Even World Heritage Sites and protected 
areas are not safe from humanities encroachment (Allan et al. 2017). Predicted 
impacts to terrestrial Antarctic biodiversity, while severe for the region, typically pale 
in comparison to the global short-term consequences of the Anthropocene.  
 
Of the 38 biodiversity groups assessed in Chapter 5, encompassing nearly all 
terrestrial Antarctic taxa, and using the lower bound of the assessment, which 
represents the ‘worst-case’ scenario, only a single group was predicted to possibly 
reach zero intactness by 2100. And only 6 groups (16%) are predicted to drop below 
50% intactness. Indeed, we did not even use ‘extinction risk’ as the primary metric to 
measure the expected benefit of various management strategies (which is the metric 
often utilised in Priority Threat Management), because for most Antarctic taxa it is 
inconceivable that they would go extinct in such a short time-frame. Intactness could 
be visualised in multiple ways, such as ground cover, range contraction or density, or 
in the case of vertebrates: extinction risk or population decline. Ironically, the single 
group that might hit zero intactness, or face extinction in this case, is the beloved 
emperor penguin.  If the primary aim of conservation is to secure global biodiversity 
and advert the extinction crisis (Soulé 1985), one has to wonder whether conservation 
management in Antarctica should be a global priority, especially given that funds for 
conservation are limited and careful prioritisation, or triage, is often necessary (Wilson 
et al. 2006; Bottrill et al. 2008). 
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Yet, another key aim of conservation is to preserve ecosystems as they are, or to 
restore them to what they were pre-Anthropocene (Soulé 1985; Kareiva & Marvier 
2012). And undoubtedly Antarctic ecosystems will be fundamentally changed if 
anthropogenic impacts continue unabated, particularly with changing climate and an 
increase in non-native species establishment. Perhaps a projected 20% decline in 
intactness for 76% of native Antarctic biodiversity (29 groups; Chapter 5) is sufficient 
concern to warrant targeted conservation action. Secondly, Antarctica is one of the 
few places left on the planet yet to be completely transformed by the constant 
‘progress’ of humanity, which is justification enough for preserving the region. Thirdly, 
whilst funding often limits conservation, nations across the globe consistently source 
enough money to fund National Antarctic Programs and construct new infrastructure, 
such as Australia’s recent proposal to construct a rock runway in the Vestfold Hills, 
East Antarctica (Chown 2018). And the Antarctic tourism industry continues to grow 
(Chapter 4). Increasing human activity will unquestionably have consequences for 
biodiversity, particularly where increased accessibility is likely to provide new 
opportunities for the transfer of non-native species, which generates considerable 
concern in relatively remote regions such as East Antarctica.  If science and tourism 
can afford to build new stations, ships and runways, they can also afford to invest in 
Antarctic conservation to protect the values they exploit (fisheries, tourism, science). I 
identified multiple ways that science and tourism can plan for future progress whilst 
maximising conservation return, such as incorporating sea-level change and the 
potential movement of species into new station proposals (Chapter 3), or identifying 
potentially suitable tourist landing sites, now and into the future, which can be utilised 
by IAATO in conservation planning exercises to minimise impacts on the Antarctic 
environment (Chapter 4). Finally, if those arguments are not convincing - Antarctic 
conservation is intrinsically linked to adverting global extinctions. Securing the 
Antarctic environment from climate change, which is the best thing we can do for 
Antarctic biodiversity (Chapters 2,3,5), will help to prevent numerous extinctions 
worldwide due to Antarctic driven sea-level rise and destabilised global climate (from 
changing oceanic and atmospheric circulation).  
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Conservation priorities in Antarctica 
 
Given the value of Antarctic conservation and the acknowledgment of the multiple 
threats facing biodiversity, has understanding and abating these threats been 
identified as priorities in recent policy strategies and horizon scans? Unequivocally 
yes. Multiple horizon scans published as high-impact scientific papers identify invasive 
species, climate change, pollution and expanding human activity as threatening 
Antarctic biodiversity (Chown et al. 2012a; Kennicutt et al. 2014). The CEP developed 
a Climate Change Working Response Programme in 2015 to target knowledge gaps 
regarding climate change impacts on marine and terrestrial biodiversity (CEP XVIII, 
Appendix II, 2015). They further identified the introduction of invasive species, tourism 
activity, climate change implications for the environment and revising protected area 
plans as Priority 1 issues in their recent 5-Year Work Plan, with the aim to better 
understand and manage impacts (CEP XX, Appendix I, 2017). This thesis contributes 
toward achieving those aims by providing impact assessments of multiple threats and 
comprehensive conservation recommendations for Antarctic biodiversity. 
Furthermore, it provides quantitative support that the CEP is focusing on the right 
issues. In Chapter 2 and 3 I undertake continental wide assessments of potential 
climate change implications for the environment, finding that both ice-free area 
expansion and sea-level change could have profound impacts on Antarctic 
ecosystems. I further identify sites at high-risk, with a pressing need for regional 
assessments and targeted management (i.e. the Antarctic Peninsula). In Chapter 4 I 
explore how one form of human activity, tourism, might change in the future and 
discuss the potential implications for biodiversity. Finally, my thesis culminates in a 
continent-wide prioritisation of conservation actions in Chapter 5, where conservation 
strategies targeted at abating invasive species, climate change, and individually 
managing and protecting species were highlighted by experts in a structured process 
as providing the largest benefits to biodiversity – providing evidence that these are 
indeed the issues policymakers need to be focusing on. Yet, while important bodies of 
work, these chapters are yet to be translated into action. 
 
Whilst the outcomes of the work on ice-free area expansion (Chapter 2) have already 
been made available to policymakers as an Information Paper submitted to the ATS 
at the 2017 ATCM (ATCM XL, IP084, 2017), it is important the other chapters are 
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made available as soon as possible. Open communication is the only way to ensure 
science translates into policy action. This has been a focus of my thesis development, 
where I have worked to keep Australia’s delegation to the CEP (including the most 
recent ex-chair of the CEP Ewan McIvor) involved and up to date with my research. 
Indeed, multiple CEP delegates were involved as experts in the expert elicitation of 
Chapter 5.  
 
The Liability Annex 
 
“The protection of the Antarctic environment and dependent and associated 
ecosystems and the intrinsic value of Antarctica, including its wilderness and aesthetic 
values and its value as an area for the conduct of scientific research, in particular 
research essential to understanding the global environment, shall be fundamental 
considerations in the planning and conduct of all activities in the Antarctic Treaty area.” 
Article 3, The Environment Protocol 1991 
 
It seems to me, that one of the lesser acknowledged threats to Antarctic biodiversity 
is compliance, or the lack of it. A number of publications have highlighted the varying 
degrees to which NAP’s act to implement biosecurity, minimise environmental 
impacts, and provide transparent reports to the ATS (Hughes 2010; Hughes & Convey 
2010; Hughes et al. 2015a), all legally-binding requirements of the Environment 
Protocol. Article 3 states that “activities in the Antarctic Treaty area shall be planned 
and conducted so as to limit adverse impacts on the Antarctic environment and 
dependent and associated ecosystems”. Article 6 outlines that Parties must co-
operate to minimise environmental impacts by sharing stations and facilities, assisting 
with environmental impact assessments, carefully selecting sites for prospective 
infrastructure and sharing information that may be helpful to other Parties in minimising 
impacts. Article 14 states that observers be able to inspect infrastructure to ensure 
compliance. Article 17 declares that each Party must provide an annual report on the 
steps taken to implement the Protocol. Annex I formalises the procedures for 
undertaking environmental impact assessments. And Annex II asserts that no non-
native species shall be introduced to Antarctic Treaty area. 
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Despite the clear requirements, levels of compliance can vary drastically between 
Parties. Whilst some nations take biosecurity very seriously (e.g. Australia; COMNAP 
2008; Hughes & Convey 2010; Hughes & Pertierra 2016), others keep non-native pot-
plants on station for decorative purposes (e.g. at Russian Bellingshausen station; 
Hughes et al. 2015a). Infrastructure continues to be constructed in pristine sites, with 
few major examples of facility or expedition sharing (though consider Concordia 
station shared by Italy and France, and the new announcement to launch a joint 
expedition to Thwaites Glacier by the United States and United Kingdom; Hughes 
2010; COMNAP 2017; Chown 2018), though many NAP’s often provide berths and 
support for scientists from other Programs.  Indeed, it has even been highlighted that 
new infrastructure does not necessarily result in more or higher-quality science 
(Hughes 2010; Hughes 2015; Chown 2018). Finally, the vast majority of NAP’s 
demonstrate a poor commitment to publishing environmental monitoring and impacts 
data (Hughes 2010).  
 
The variation in compliance has been recognised numerous times and perhaps 
contributed to the formulation of Annex VI to the Environment Protocol – the Liability 
Annex. Annex VI makes Parties (and operators) liable for environmental emergencies, 
where if they fail to respond promptly and appropriately to minimise environmental 
damage they will accountable for response actions costs incurred by parties who did 
respond. Annex VI was signed in 2005, but will not enter force until ratification by all 
Parties. The Annex seems targeted toward large incidences, such as fuel spills, 
though it does not preclude other events, such as the introduction of non-native 
species (Hughes et al. 2014; Hughes & Convey 2014). However, even when (if) 
ratified, it appears Annex VI may not be strong enough to really ensure compliance 
from nations in minimising environmental impacts, particularly in regards to human 
activity, where the construction of infrastructure for scientific activity or inadequate 
biosecurity can hardly be termed an emergency. It has even been suggested that by 
using the term ‘accident’ in the Annex, that environmental impacts caused with intent 
would not be liable (Abdullah et al. 2015).  
 
Thus, while Annex VI might form a good starting point, what’s really needed are 
consequences for failure to comply with all aspects of the Environment Protocol. There 
becomes less incentive for complying nations to continue if their efforts are 
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undermined by others. Of course, legal recourse for disregarding of the Treaty or 
Protocol seems unrealistic and effort would be better concentrated toward 
encouraging the adoption of best practice and acknowledgement of good work or 
behaviour. This could be achieved via better dissemination of research on the impacts 
of threatening processes (including invasive species, human activity, and pollution), 
the development of educational training courses made available to all operators, and 
transparent reporting and sharing of useful methods by all NAPs. This is particularly 
pertinent when considering the results of the Priority Threat Management exercise, 
which demonstrated the need for cooperative, continental-wide conservation actions 
(Chapter 5). Actively collaborating to develop best practice guidelines for remediation, 
managing infrastructure, transport management, modifying human behaviour, and 
managing non-native species (which has already received considerable attention) and 
actively sharing these will be key to achieving on the ground conservation outcomes. 
Another instrument that may help to achieve compliance is increasing engagement 
with global policy initiatives, such as the AICHI Targets of the CBD and the UN’s 
Sustainable Development Goals (CBD 2011, UN 2015). Whilst some Consultative 
Parties are reluctant to engage with global initiatives because the ATS has a self-
sustaining governance framework, utilising global standards and targets may help to 
increase the pressure on non-compliant nations while alleviating some of the pressure 
on the ATS. Ultimately, every strategy that can be employed to help minimise the 
impacts of human activity in Antarctica should at least be considered, as the potential 
costs of increasing activity on biodiversity, particularly in a time of rapidly changing 
climate, are likely to be substantial.  
 
2100 is only the beginning 
 
I find that my thesis culminates in one major message – climate change poses the 
greatest threat to Antarctic biodiversity and that preventing or reducing climate 
warming will provide the greatest conservation benefit. This was not only directly 
quantified by the Antarctic biodiversity experts in Chapter 5 but was also the 
conclusion of the modelling work in Chapters 2 and 3. Chapter 4 further discussed 
ways climate change might shift the distribution and intensity of tourism, with 
cascading impacts on biodiversity and environment. And it won’t just impact 
biodiversity, but all Antarctic values, including the continent’s influence on the global 
129 
 
climate system itself, thus potentially impacting all of humanity. Whilst my thesis 
primarily focused on impacts and conservation measures for 2100, the end of this 
century, it is clear that this is really only the beginning of potential climate change 
consequences. Both ice-free area expansion and sea-level change will undoubtedly 
become more severe in the coming centuries, particularly following recovery of the 
ozone hole at the end of this century, which if some current research is accurate, is 
ironically, acting to insulate continental Antarctica (Turner et al. 2009; Bracegirdle et 
al. 2013; Turner et al. 2014; Robinson & Erickson 2015) from the rapid warming seen 
in the Arctic and Antarctic Peninsula (Turner & Overland 2009; Bromwich et al. 2013). 
Prior to the implications of the ozone-hole being fully understood it was somewhat 
surprising to scientists that the Antarctic did not respond to climate change the same 
way the Arctic did (Turner & Overland 2009) implying that potentially the widespread 
changes in the Arctic may be install for the Antarctic in the centuries to come (Turner 
& Overland 2009; Turner et al. 2014). Though, the Arctic is floating ice surrounded by 
continents, whereas the Antarctic is a continent surrounded by ocean which will lead 
to fundamental differences between the two (Turner & Overland 2009). The impacts 
currently observed in the peninsula – glacial retreat and exposure of new ice-free 
areas (Olech & Chwedorzewska 2011; Quartino et al. 2013; Turner et al. 2014), 
vegetative greening (Amsebury et al. 2017), changes in species distributions (Lynch 
et al. 2012; Cavieres et al. 2016), invasive species hotspots (Chown et al. 2012b; 
Hughes et al. 2015a; Duffy et al. 2017) and changing temperature and precipitation 
regimes (Turner et al. 2014) – are likely to snowball in the peninsula, and expand to 
the rest of the continent. 
 
Such changes could be disastrous for Antarctic biodiversity. Whilst some species 
might benefit from warming, others will lose out (Chapter 5). And as the climate 
becomes more suitable for non-native species establishment, they may begin to out-
compete native species and in the long-term, lead to potential homogenisation across 
bioregions (see Chapter 2), particularly if this is facilitated by ice-free expansion, sea-
level rise and growing human activity (Chapters 2 - 4). This would lead to declining 
native diversity and the potential extinction of less competitive species, which whilst 
they may not become extinct by 2100, may be increasingly threatened in the coming 
centuries. With nearly 60 m of global sea level tied up in the Antarctic ice-sheets 
(Fretwell et al. 2013), the coming centuries are also likely to bring catastrophic 
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consequences for the rest of the world (Bellard et al. 2014; Brown et al. 2016; Chown 
& Duffy 2017), hence the great focus of Antarctic research into better understanding 
and projecting the behaviour of the Antarctic ice-sheets (Ligtenberg et al. 2013; 
DeConto & Pollard 2016; Scambos et al. 2017; Shepherd et al. 2018b). Yet, a great 
deal of these impacts could be prevented if humanity is able to reduce emissions and 
curb warming to the less than 2° C agreed on in the 2015 Paris Agreements (UNFCCC 
2015). Of course, in the era of Trump, Brexit and 5 Australian Prime Ministers in as 
many years, it is sometimes hard to remain optimistic about global commitment to the 
greater good. But maintaining hope is the only way change will happen. It has been 
well documented that people become increasingly apathetic with pessimistic stories, 
particularly in regard to environmental challenges (Lueck 2007; and see 
https://tinyurl.com/conshope for an excellent discussion about hope in conservation).  
 
What are we doing now? 
 
So, is the Antarctic community doing anything about climate change? Certainly, there 
are large amounts of research directed toward understanding Antarctica’s potential 
impact on the rest of the world (DeConto & Pollard 2016; Rintoul 2018; Rintoul et al. 
2018; Shepherd et al. 2018a) and about the potential implications on invasive species 
establishment and distribution (Chown et al. 2017; Duffy et al. 2017; Pertierra et al. 
2017b). And there are studies considering the impacts on various native taxa (Convey 
et al. 2002; Robinson et al. 2005; Barbraud & Weimerskirch 2006; Forcada & Hoffman 
2014; Bokhorst et al. 2016) and broad reviews considering various aspects of climate 
change on biodiversity (Convey & Smith 2006; Convey et al. 2009b; Convey 2011; 
Chown et al. 2015). And we know multiple horizon scans and the CEP identify climate 
change as a pervasive threat (Chown et al. 2012a; Kennicutt et al. 2014; CEP XX, 
Appendix I, 2017). Yet, I’d dare say that Antarctic conservation actions have generally 
tended to focus on invasive species management and protected areas. For example, 
managing non-native species has had such great attention from the ATS and science 
community that it seems we have indeed reduced invasive pressure (Chown et al. 
2017), and the calls by numerous parties to reform the inadequate Antarctic protected 
area network (e.g. Shaw et al. 2014; Hughes et al. 2015b; Coetzee et al. 2017) has 
resulted in an international protected area workshop proposal being endorsed by the 
ATS at this year’s ATCM in Buenos Aires (ATCM XLI, WP016, 2018; CEP XXI, Final 
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Report (para. 128), 2018). This focus is reasonable given that these are tangible, 
feasible actions that can be undertaken by the Antarctic community, and both of these 
are monumental achievements that should not be considered lightly. However, I 
believe my thesis may help to serve as a wakeup call that climate change is our 
greatest challenge (Chapter 5) and deserves a greater share of our conservation 
initiatives.  
 
Climate change will impact biodiversity across the entire continent directly, and 
indirectly through its exacerbation of other threats, such as increasing accessibility to 
tourism and science (Chapter 4), increasing pressure on biodiversity habitat (Chapters 
2 & 3) and by lowering the barriers for invasive species establishment (Duffy et al. 
2017). We must act on climate change, even if it is a pressure originating from outside 
the Antarctic continent and even if it requires external action. Indeed, I reiterate the 
conclusion of Steven Chown and colleagues seminal paper from 2012 - so whilst 
crucial actions have been recognised for years, we have not achieved significant 
progress toward implementing them. The Priority Threat Management exercise 
yielded multiple actions that can be targeted at reducing external threats, including 
increasing engagement with global policy bodies, and raising awareness with the 
general public. Antarctic scientists, social scientists, artists and expeditioners from 
around the world can engage with humanity through social media, school visits, public 
lectures and various art forms to tell the Antarctic story – that the continent is not safe 
any longer and needs help. Perhaps the plight of the emperor penguin can act as an 
ambassador for all Antarctic species. And Antarctic policymakers can act to further 
engage with global policy instruments that are often kept at arm’s length (do to the 
insular nature of the ATS), such as the IPCC, UN, CBD and IUCN, not to mention 
placing increasing pressure on national governments. Antarctic values must be 
included in global initiatives and targets and pressure placed on nations to reduce 
carbon emissions and mitigate climate change. We can no longer afford to only 
recognise climate change, we must act.  
 
Research limitations 
 
Given the importance of high-quality science for informing policy and conservation, it 
is important to acknowledge the primary limitations of my research to ensure that it is 
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not taken out of context or assigned undue significance. I here discuss a number of 
issues I have identified for the methods and interpretation of various chapters. 
 
Both one of the primary benefits and primary limitations of my research is its 
persistently broad-scale. Every chapter of this thesis focuses on Antarctic threats and 
management at a continental scale. Whilst I believe this was the right scale at which 
to focus, being extremely useful for identifying broad patterns and quantifying the 
potentially massive scale of impacts, I acknowledge that it is not always the most 
useful scale for on-ground action. I particularly recognise this in Chapter 3, where I 
identified sites at high risk of sea-level change impacts and called for more detailed 
regional assessments at these sites. Undertaking a regional assessment (e.g. at the 
scale of King George Island) for likely ice-free area expansion and sea-level change 
will provide the necessary information to managers on ideal locations for relocating 
infrastructure or designating conservation or tourist zones. This is also somewhat true 
for the Priority Threat Management findings, which give an excellent overview of 
priorities for the Antarctic community as a whole, but where individual National 
Programs may benefit from a more in-depth assessment of what conservation actions 
should be prioritised within specific operational zones.  
 
A second constraint pervasive throughout this research is the uncertainty of climate 
projections. Few projections beyond 2100 exist because there is too much uncertainty 
in global models, particularly in regards to the behaviour of sea-ice, clouds and ice 
sheets, and these same issues affect the 2100 projections too (Monaghan et al. 2008; 
Bromwich et al. 2011; Bracegirdle & Stephenson 2012). This is a common problem for 
the environmental and conservation sciences, where it is acknowledged models have 
inherent uncertainty (Martinez-Meyer 2005; Beaumont et al. 2007; Beaumont et al. 
2008). This is certainly the case for chapters 2 – 4, where varying climate projections 
or sea-level scenarios were integral to the conclusions. Furthermore, this uncertainty 
may not only lead to an overestimation of climate change impacts, but potentially 
conservative estimates - which could actually result in worse consequences for the 
globe (such as not being sufficiently prepared for impacts). This is ironic given 
scientists’ tendency to fear overestimating problems, instead of underestimating them 
(Berry et al. 2003; Midgley et al. 2003; Thuiller et al. 2006; Klausmeyer & Shaw 2009). 
We mitigated the uncertainty as much as possible by obtaining Antarctic specific 
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climate projections (courtesy of Tom Bracegirdle, British Antarctic Survey) and by 
considering a range of climate change scenarios (Chapters 2, 4, 5) and sea-level 
change scenarios (Chapter 3). Utilising a range of scenarios is not only useful for 
contrasting the potential impacts under various emissions scenarios, but also provides 
a range within which the ‘true’ values will hopefully fall (the same can be said for 
utilising lower and upper bounds in Chapter 5).  
 
In the same way that uncertainty is inherent in climate projections, it also permeates 
results that rely on underlying data sources of varying resolutions and accuracy. The 
Antarctic Digital Database (ADD) rock outcrop layers were used to represent ice-free 
areas across the continent in Chapters 2 – 4. It has already been determined that 
these layers likely overestimate the extent of ice-free area (Burton-Johnson et al. 
2016), which has cascading effects on estimations of ice-free area expansion and sea-
level change impacts. The ADD version was still selected as the most suitable 
representation as it is at a 1 km resolution and this research was occurring at a 
continental scale. The Burton-Johnson layers is also likely an underestimate of ice-
free area (which is acknowledged by the authors). The bedmap2 (Fretwell et al. 2013) 
layer of ice-thickness was used to project melt and quantify the expansion of ice-free 
areas. The ice-thickness layer was generated at a continental scale with the primary 
purpose for use in ice-sheet models and mass balance equations, thus there is 
uncertainty surrounding exact ice-thickness values at some locations. Plus or minus 
10 m may not mean much for a continental mass balance equation, but it could lead 
to under or over estimating thin ice around rock outcrops. Fretwell et al. used a thin-
ice model to constrain the thickness around rock outcrops to help minimise this issue, 
yet it could still lead to under or over estimating ice-free area expansion. Similarly, the 
sea-level change scenarios were built on the RAMP DEM (Liu et al. 2001), which is a 
digital elevation model generated for the entire continent and which has inherent 
uncertainty around elevation in some regions, and the bedmap2 bedrock layer, which 
like the bedmap2 ice-thickness layer contains inherent uncertainty surrounding bed 
height. This uncertainty could lead to over or under estimation of sea-level rise 
inundation or sea-level fall exposure. However, these layers are the best currently 
available and represent a good starting point. As new data become available 
assessments can be updated, and uncertainty can also be reduced via carrying out 
regional assessments (potentially using on-ground measurements when available).  
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It is commonly acknowledged that science is yet to discover all Antarctic species and 
that we have relatively poor understanding of their distribution, physiology and 
abundance in most regions (see shortfalls in Chapter 5). How then can we make 
reliable assessments of threat impacts and conservation benefit? Certainly, this is a 
limitation that permeates many Antarctic ecological studies, and could have 
implications for the findings of this thesis. In some ways the uncertainty was mitigated 
by using ice-free areas as proxies for biodiversity in Chapters 2 – 4 and by defining 
Antarctic groups for Chapter 5 that do not exclude ‘unknown members’. However, the 
major implications may arise from the experts’ assessments of benefits in Chapter 5 
– if an expert does not have complete understanding of a species ecology and 
physiology, can they be expected to give an accurate assessment of impacts and 
benefits? I’m not sure, though I am sure they did the best they could with the 
information available to them at the time. This type of uncertainty is an almost universal 
plague of conservation science (and policymaking) and an entire branch exists to 
better understanding whether more information is required to make a good decision 
(value of information; Runge et al. 2011; Maxwell et al. 2015; Wilson et al. 2015; 
Bennett et al. 2018). It is often acknowledged that decisions need to be made in spite 
of uncertainty and waiting for more information can be extremely risky, as inaction is 
often likely to result in worse consequences (Soulé 1985; Kareiva & Marvier 2012; 
Nicol et al. 2015). 
 
Another limitation to expert elicitation is that deriving actions, benefits, costs and 
feasibility is subjective. This is true and is characteristic of all expert elicitation 
approaches. However, expert elicitation is typically utilised when quantitative data are 
not available. Thus, experts must be carefully selected to represent as broad a 
diversity of the community as possible and to also represent those experts with the 
appropriate experience. The experts utilised in Chapter 5 were from a broad range of 
backgrounds and nations and invested a lot of time in the project. Whilst this helps to 
minimise bias, I acknowledge that it is still a key limitation of the prioritisation. I 
attempted to mitigate this by averaging experts estimates where possible, following up 
with them if something seemed amiss, and by not focusing the results too heavily on 
costs – which are possibly the most subjective aspect (as discussed in Chapter 5).  
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Future Directions 
 
With limitations comes opportunities for improvement or expansion. In this section I 
identify potential research directions that I believe will further inform conservation 
planning in the Antarctic. These projects take two forms – those that are more aligned 
with traditional systematic conservation planning, and those that are targeted more 
toward informing conservation plans (such as assessing the impacts of threats on 
biodiversity). Some of these naturally follow on from limitations identified in my thesis. 
 
Given the need for regional assessments and strategic planning, it is obvious that 
almost all of my thesis chapters could be undertaken at a regional scale.  Ice-free area 
expansion could be undertaken with high-resolution climate models, such as those 
currently being developed for the Ross Sea Region, for various regions across the 
continent. This may provide finer detail on the expansion of particular patches and 
allow in-depth connectivity analyses. However, regional ice-free expansion is less 
useful than regional sea-level change assessments, which are crucial for informing 
management plans. High-resolution DEMs and regional projections of sea-level 
fingerprints (such as those utilised for Boston; Douglas et al. 2016) would enable 
impact assessments on a scale useful to policymakers and managers – where they 
can identify suitable sites for infrastructure, tourism and biodiversity (potentially under 
the mechanism of Antarctic Specially Managed Areas). Work undertaking regional 
assessments of the high-risk sites identified in Chapter 3 would be extremely valuable.  
 
In a similar fashion, regional assessments of tourism impacts would be equally 
valuable to the ATS and tourist industry and could result in better on-ground outcome 
for biodiversity. The results of Chapter 4 could be utilised to identify crucial tourist 
regions and work with stakeholders to designate multiple activity zones at the regional 
scale. This would be particularly pertinent for the Antarctic Peninsula. Furthermore, 
Chapter 4 focused only on better understanding the distribution and intensity of tourist 
landing sites now and into the future. It did not explore how tourist numbers (site 
‘popularity’) might change, which is likely to also be highly appreciated by managers.  
 
Chapters 2 and 3 identified that movement of species may occur as an impact of 
climate change, something we are already seeing with distributional changes in the 
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two Antarctic vascular plants (Cavieres et al. 2016) and penguins (Forcada & Trathan 
2009; Clucas et al. 2014). However, we only speculate on movement and an obvious 
next step is to determine where species will move to and which species are likely to 
move. This could be achieved through the use of species distribution models (SDM’s), 
which are a tool widely used by ecologists to inform conservation planning (particularly 
in relation to protected area designation; Guisan et al. 2013; Tulloch et al. 2016). 
SDM’s are beginning to emerge in the Antarctic context (see Pertierra et al. 2017b for 
modelling of two invasive grasses), though there are yet to be any broad studies 
considering multi taxa at broad scales. Increasing understanding of species 
movements can feed into protected area planning and targeted monitoring and 
biosecurity efforts. One of the limits to current Antarctic SDM’s is the lack of 
biodiversity records/understanding and focusing research toward filling these gaps is 
essential. The shortfalls identified in Chapter 5, which were undertaken at the group 
level, could be used to identify knowledge gaps for certain groups, where targeted field 
and lab studies could contribute substantially. 
 
Chapter 5 also identified that some species are likely to be more vulnerable to threats 
than others, but did not identify the particular reasons why these groups are 
vulnerable, such as high juvenile mortality or inability to adapt to temperature change. 
Vulnerability assessments can be useful for directing conservation action toward 
abating particular threats. For example, Pygoscelis penguins display high 
susceptibility to catastrophic events at breeding sites, such as nest flooding (see 
Chapter 3) which might be partially mitigated by providing artificial nests at risky sites. 
In the light of my thesis outcomes, it would be particularly valuable to undertake climate 
vulnerability assessments for Antarctic taxa. Climate vulnerability assessments 
typically consist of two main components – exposure and sensitivity (Williams et al. 
2008), where exposure represents factors that are extrinsic to the species (such as 
degree of climate change expected in the species range), and sensitivity represents 
intrinsic factors (such as life history traits, e.g. dispersal ability, that may make a 
species more or less vulnerable). Vulnerability assessments could be directly utilised 
for engaging with global assessments, which has earlier been identified as lacking in 
the Antarctic space. One logical place to start is with the IUCN red-list, which is a 
global framework for assessing vulnerability and population status of species 
worldwide (IUCN 2017). The red-list is internationally recognised and valued and could 
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be utilised to increase attention to Antarctic species. A comprehensive red-list 
assessment of Antarctic biodiversity could also be used by the CEP to increase the 
designation of Antarctic Specially Protected Species, which is currently an under-
utilised formal mechanism for the ATS to identify threatened species. 
 
Epilogue  
 
Antarctic biodiversity is set to face a multitude of challenges by the end of the 21st 
Century and beyond. Climate driven impacts on temperature and precipitation 
regimes, ice-free areas, sea-level, and invasive species, as well as increasing human 
activity and pollution, will combine to place native Antarctic biota at risk of competition, 
homogenisation, range contractions and population declines. However, Antarctica is 
not yet subject to the same level of anthropogenic degradation that has beset the rest 
of the planet and there is a golden opportunity to get conservation right this time. As 
always in the spirit of the Antarctic Treaty, this will require international cooperation to 
employ continent-wide conservation strategies such as managing non-native species 
and transport, and modifying human behaviour. Above all, it will require a global 
commitment to mitigate climate change. Antarctica is one of Earth’s last remaining 
wildernesses - we must grasp every opportunity to preserve it for future generations.  
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Reflections on PhDs, Antarctica, climate change, conservation and 
life more generally 
 
An enterprising microbiologist and friend of mine once suggested I should add a 
reflections section to my thesis whilst we were out roaming the Dry Valleys. The more 
I thought on it, the more I warmed to the idea and ironically, somehow, I ended up with 
five pages of notes – more than I had for my introduction. To prevent death by boredom 
(if it hasn’t happened already), I shall attempt to limit myself to some of the more 
fascinating anecdotes and thoughts that have occurred to me thus far, as I find my 
way in academia and life. And without anyone to tell me otherwise, I shall separate 
them by whatever abstract or referential headings I wish to use. Perhaps this section 
would more aptly be titled ‘The world according to Jasmine’. 
 
Conservation is about people 
 
“We won’t save all that we should like to, but we shall save a great deal more than if 
we had never tried” Sir Peter Scott. 
 
I’m not really a people person, or at least I pretend that I’m not. I’m definitely an animal 
person – I only have to sight a Border Collie to light me up, and videos of penguins 
make me grin. That’s why I chose conservation biology. At first, I wasn’t sure if I wanted 
to do something more hands on, like veterinary or zookeeping, but as I grew older I 
realised that I wanted something ‘bigger picture’. I wanted to make a difference for all 
animals and the environment. Yet, over the course of my PhD, I’ve come to realise 
that conservation IS about people. Because it is people that drive conservation, and I 
don’t just mean the conservationists, it is the general populace that drives conservation 
through their support or lack thereof of policy and political parties. Of course, some 
individuals have more responsibility than others. Particularly governments, where 
unless large amounts of philanthropic funding are found, it is they that decide when, 
where, how much, and even whether conservation happens. And generally, it is they 
that are tasked with considering the greater good and acting in the interest of 
humanities long term future. Unfortunately, they often appear to act in self-interest and 
in complete disregard for humanities future. Climate change being the primary 
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example. Sometimes it astounds me the awful things we do to each other and the 
environment. We harass, bully, manipulate, put down, abuse, and go to war with one 
another. We cut down forests, poach incredibly charismatic and intelligent species, 
manipulate waterways, modify landscapes, pollute everything, and lack respect for 
climate change as the threat that can fundamentally change life on earth.  
 
Society seems to lack empathy for each other and for the world in which we live. Yet, 
I’ve found that I rarely meet a person that I don’t like. When you meet someone and 
can develop empathy for them, you realise everyone is doing the best they can. Most 
people want to be good. It just seems that as a species, we lack the capacity for 
forward looking most of the time, we lack the ability to see the bigger picture. And I 
realised that I’m privileged that I even have the time to worry about the future of our 
planet. Much of the world’s population only has time to worry about feeding 
themselves, clothing their children, and finding somewhere safe to shelter for the night. 
Because I am lucky enough to not worry about these things, I should do something to 
contribute to society, something in the interest of all humankind. I like to picture 
conservation biologists as the guardians of the earth. Of course, some days it’s just so 
depressing I just feel like ‘screw it’, let humanity crash and burn with climate change, 
let humanity self-implode as we wreck the planet. But then I feel bad for the planet, 
and I remember that most people don’t mean to trash the environment. So, I remain 
optimistic and determine that I should do what I can.  
 
Life is also about people 
 
“A child of five would understand this. Send someone to fetch a child of five.” Grouch 
Marx 
 
Funnily enough, I also discovered that life IS also about people. It is the people you 
meet and the relationships you form that determine where you end up in life and what 
you achieve. I didn’t get to where I am today by myself, I had a myriad of people to 
support me. Without inspirational and passionate mentors, I might never have chosen 
to undertake a PhD, without friends and family I would never have made it through a 
PhD. And when it comes to my future, I realised sometimes it doesn’t matter exactly 
what you are doing, it only matters who you are doing it with. An amazing colleague 
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can make even the dullest project interesting with their passion and enthusiasm. And 
life’s too short to work with jerks – there are too many good people out there to bother 
wasting any time or energy on people who don’t deserve it. It is also essential to 
surround oneself with a diversity of people, from different fields, from different walks 
of life, from different countries, ethnicities, ages, career stages and career paths. 
Because that is the only way to solve the most complex of problems, to have a diversity 
of views and inputs. To understand why or why not some projects will succeed where 
others will fail.  
 
My strengths and weaknesses 
 
“No one is ever too old to know better” Margaret Preston 
 
I’ve learnt a lot about myself over the course of my PhD. I’ve changed a lot too, I’m a 
different person to the one I was several years ago – I think I’m stronger than I was, 
but sometimes I also feel I’m a worse person. Maybe I’m just less naïve and more 
realistic about the world… 
I’ve begun to discover and understand some of my strengths and a good number of 
things I can work on too.  Some of these I discovered in academic settings, but some 
came through interactions with people more generally. 
 
Firstly, I’m an open book. I guess this one is a strength and a weakness. I think people 
can generally tell how I feel because you can read it all over my face. I wear my heart 
on my sleeve. This is great when it comes to openness and honesty, but not always 
great when I’m sporting a sulky face. Improving my poker face might be essential as I 
begin to forge my way in the academic world. As I side note, I certainly cemented my 
love of research throughout my PhD journey. 
 
I’m independent, but I will ask for help when I need it. I’d count this one as a strength. 
I am eternally grateful that Rich trusted me enough to run my PhD as I saw fit (or 
maybe he was just too busy for an alternative). I was able to pursue the things I wanted 
to, with just enough guidance to ensure I’d get where I wanted to go. One of my fears 
is that someone will try to micromanage me in the future, though I suspect Rich thinks 
that might partially be good for me… 
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Something I learnt whilst playing underwater rugby, yes it’s a real sport – google it, but 
something I think is also applicable to the academic world, is that I need to respect my 
coach. This might not be important to everyone, but it is to me. I guess because it is 
their passion, ambition and empathy that help to drive me. If they can’t care about the 
team, I can’t care about them – but I guess this also comes back to only working with 
good people. I am also a team player, I perform best when the team is performing. If I 
can rely on you, then you can rely on me. I guess I found putting in the work when no 
one else is only leads to burn out. I also realised that I get annoyed by people that are 
incompetent at their job, because I’m not incompetent at mine. 
 
I work well under pressure, but I came to learn that I work most effectively with people 
encouraging me. Making me angry might produce short term results as I use the anger 
to fuel productivity, but will only result in long term failure. I can’t work while upset. 
Fortunately, Richard is one of the nicest, most cheerful, most encouraging supervisors 
alive. I’d likely drop dead of surprise if he got angry at one of his students. I also learnt 
that I can work really hard for intensive and sometimes extensive periods, but 
eventually I crash and need a break/trip to reset. This is good to know as it can help 
me plan, even if sometimes I don’t know when the break will be needed in advance. 
 
As times passed, I’ve realised that I have the academic equivalent of the ‘new toy 
problem’. I love finding a problem, asking a question, or having an idea; and then 
solving that problem or answering that question (and making the figures, I like making 
the figures). But then with my curiosity satiated I want to move on to the next question, 
the next idea, the next problem. However, PhD’s are not only about people, they are 
about finishing things. And I have to make sure I finish each project before moving on 
to the next one. And that is the only way to make a difference too, as Rich likes to say 
– “it’s not over because you published the paper, now you have to go and tell people 
about it”. 
 
Finally, I’ve learnt that I still have a long way to go in terms of science and leadership, 
especially when I compare myself to Rich and Hugh – who always keep their cool yet, 
are able to effectively mobilise the masses. For example, I am still not always great at 
taking on constructive criticism (at least during the moment it occurs, if I can sit and 
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glare at the screen and mull it over for awhile its normally fine). And one of my 
teammates told me she admired the way I could stand up for the team/myself, but I 
admired her for knowing when to also say nothing. I also have much to learn about 
how to navigate politics and policy – I’ve learnt much since I started, but I’m still figuring 
it out. However, life is about learning and growing and perhaps I can check back in 
five or so years and see how I’ve progressed. Fortunately, I have many amazing 
mentors to aspire to and learn from, and I look forward to the next part of my journey. 
Being able to learn and grow every day is one of the privileges of being a scientist.  
 
Of the south 
 
“If Antarctica were music it would be Mozart. Art, and it would be Michelangelo. 
Literature, and it would be Shakespeare. And yet it is something even greater; the only 
place on earth that is still as it should be. May we never tame it.” Andrew Denton 
 
Have you ever wondered what the word Antarctica means? I have of course. 
Technically it means the opposite of Arctic, which just poses the question: what does 
Arctic mean? According to the interwebs, “it comes from the Greek word for bear, 
arktos. It refers to two constellations in the northern night sky: Ursa Major and Ursa 
Minor, which contains Polaris, the North Star.” Hence it is often interpreted to mean ‘of 
the north’. Antarctica then must mean ‘of the south’. I like that. 
 
Experiencing Antarctica (even if only a tiny fraction of it) is the best thing I’ve ever 
done. Every day I would wake up (at 4ish because it was light and there was wildlife 
to watch) and think “I can’t believe I’m in Antarctica”. This is a feeling I hope I, like 
Peter Ryan, never lose. That I shall never take for granted the opportunity to see and 
experience such a truly special place. There is something about seeing Antarctica that 
you just can’t get from a page or a photo. Seeing Antarctica helped me to understand 
and appreciate it more than I could before.  
 
Yet I do sometimes wonder whether the best thing for Antarctica would be to lock it 
away and never go there? Certainly, I know Rich has asked this question more than 
once. Because we are impacting on it, I’ve learnt nothing in my PhD if not that. If no 
one went there, then Antarctica’s biodiversity could continue in relative safety as it has 
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done for thousands and sometimes millions of years. Well, it could if it weren’t for 
anthropogenic climate change, which is going to impact the continent regardless of 
whether we travel there or not. Anyhow, I’ve spent many a walk along the beach 
pondering this question.  
 
My conclusion is that no, we shouldn’t lock Antarctica away. Maybe I’m just purely 
selfish, but I think that if people cannot go there, then they will not care about or 
appreciate it. If they do not care, then Antarctica loses all hope. It is the same for all 
conservation. We don’t pump extensive dollars into funding conservation of 
charismatic megafauna (e.g. tigers, pandas, elephants, koalas) because we think it 
will definitely produce the best conservation outcomes. We do it because people care 
about these species. And they care because they are large (can be seen), charismatic 
(can be loved and anthropomorphised), and fluffy (make good videos). Well Antarctica 
is large and charismatic, and the people who have been fortunate enough to visit have 
fuelled endless stories, science, documentaries and inspiration. Plus, it has penguins. 
And so civilisation cares about Antarctica. Though they need to care more. Sometimes 
I know Aleks pretends to hate penguins, as they steal all the limelight and research 
dollars away from the humble springtail. Yet, no one can hate penguins. Penguins 
might be the icon that can save Antarctica. The tiger of the south. 
 
Another reason we can’t lock Antarctica away, is because we literally can’t – it’s not 
realistic. Something I didn’t know before, and something most people don’t know, is 
about what a political game Antarctica is. Sure, we say we are there to do science, but 
really, we are there to maintain politic presence. All I could do was laugh when reading 
about early Antarctic treaty claims and the subtle and not-so-subtle strategic politics. 
It just seems so ridiculous to me, why must we make something ours? Why must 
nothing get in the way of power and resources?  Why can’t we all just share and get 
along… And it is incredibly disheartening to me that science can be silenced by 
government, it goes against its very nature. Yet, politics often dictates funding for 
research, and even more, when it comes to government scientists – dictate what they 
can and can’t say if they wish to keep their jobs. Anyway, the point is it seems 
immensely unlikely that the world’s nations would agree to giving up the Antarctic, not 
when future claims, resources, and military power are still (and hopefully always will 
only be) a possibility.  
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Dumbledore 
 
“It is our choices Harry, that show what we truly are, far more than our abilities” Albus 
Percival Wulfric Brian Dumbledore 
 
I could have titled this section “Darren Lockyer”, but I much prefer Dumbledore. Hugh 
once told us that Darren Lockyer (an Australian football star) could do more for the 
environment that he/we ever could. Because he, in theory, could use his popularity 
and celebrity status to mobilise the masses to create change. But over time, in possibly 
the only time I’ve ever doubted Hugh’s word, I’ve come to think this isn’t true. I doubt 
Darren Lockyer could ever do more for the environment than what Hugh has already 
done. I mean, perhaps he could, but it doesn’t matter what people can do, it only 
matters what they actually do. As Ralph Waldo Emerson also put it, nearly as 
eloquently as Dumbledore “what you do speaks so loudly that I cannot hear what you 
say”. People may be gifted with great intelligence or brightness, or fame, but if they do 
not choose to, or do not apply themselves – then they will probably contribute little 
more to society or their own self-improvement than the average person. Simply by 
making the choice and applying myself, I hope I am able to achieve even a fraction of 
what the great conservationists have achieved. The David Attenboroughs, the Sylvia 
Earles, the Hugh Possinghams.  
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“You can only see as far as your headlights, but you can make the whole trip that way 
“ Anon. 
 
Another Hugh related anecdote. Hugh recently asked me what I wanted to be doing 
at 40. I said “I don’t know, I just want to be happy”. I’m paraphrasing, but he essentially 
replied that wasn’t good enough as I needed to work out where I wanted to go to make 
sure I get there (I like to imagine that he slammed his hand down on the table as he 
said this). Like most conservation scientists, I know I want to make the world a better 
place (mostly for the environment, but for people also). I know I want to stay in 
Antarctic research and help conserve the icy continent. I know I want to travel the 
world and experience natures wonders, which fortunately I got to start doing during 
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my PhD (even if I spent nearly eleven months overseas not exactly working on my 
PhD, but not exactly not working on it, every second of submission delay was worth it 
to enrich my life and widen my horizons). Though I don’t know where, when or exactly 
how I want to be doing these things.  
 
But I realised it doesn’t always matter, I only have to do my best each day and I will 
get to where I need to go. I can only hope I end up as passionate as Hugh is about 
saving biodiversity, as enthusiastic as Peter is about watching wildlife 24/7, as 
empathetic as Richard is for seeing the best in everyone, and as determined as Steven 
is to create change. And besides, I have a great number of backup options if I should 
ever fail as a scientist, including joining the navy, spending seasons in the snow, 
writing for fun, and being a teacher. Sometimes I wonder what these career pathways 
would be like – not because I am sick of research, but because there are just so many 
things I want to do. In any case, I hope my future involves reading more novels. I 
attribute much of my capability to my incessant reading as a child. Indeed, where my 
mother would punish my brothers by taking away their computers, she would punish 
me by not taking me to the library… 
   
This is only the beginning  
 
“I ask all of us here, if not us, then who? If not now, then when? If not here, than 
where?” Climate Summit 2012 
 
An inspiring colleague once told me he was born in the year the United Nations 
Environment Programme was founded (also the year the World Heritage Convention 
was established) and he knew it was his life’s calling to help the environment. Well, I 
was born in 1991, the year the Environment Protocol was adopted. So, I guess it is 
my life’s calling to help save the Antarctic. Indeed, I panicked the day I turned 25, 
realising I was quite possibly a quarter or more of the way through my life and with so 
much still to do. I have so many ideas for Antarctic conservation related questions, so 
much work to be done, that I already fear I shan’t be able to do it all. Now I know why 
people need students. Which reminds me that I’d better stop reflecting and get 
cracking. I end my PhD in the same way I started – with much work to be done.  
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Appendix 2 | Supplementary information from Chapter 2: Climate change 
drives expansion of Antarctic ice-free habitat 
 
 
 
 
Appendix 2.1 | Simple overview of the methods used to model changes in 
distribution and size of Antarctic ice-free areas at the end of the 21st century. 
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Appendix 2.2 | Annual mean surface air temperature (at 2 m) anomalies. a–c, 
2014 (a), 2015 (b) and 2014–2015 (c). The anomalies are relative to the period 1979 
through 2015. The source of the data is the ECMWF ERA interim re-analysis (Dee et 
al. 2011). 
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Appendix 2.3 | List of CMIP5 models used in this study 
 
Model name Latitude grid spacing (°) RCP4.5 RCP8.5 
ACCESS1.0 1.3 x x 
ACCESS1.3 1.3 x x 
BCC-CSM1.1 2.8 x x 
BCC-CSM1.1(m) 1.1 x x 
BNU-ESM 2.8 x x 
CanESM2 2.8 x x 
CCSM4 0.9 x x 
CESM1(BGC) 0.9 x x 
CESM1(CAM5) 0.9 x x 
CESM1(WACCM) 1.9 x x 
CMCC-CESM 3.4  x 
CMCC-CM 0.7 x x 
CMCC-CMS 1.9 x x 
CNRM-CM5 1.4 x x 
CSIRO-Mk3.6.0 1.9 x x 
EC-EARTH 1.1 x x 
FGOALS-g2 2.8 x x 
FIO-ESM 2.8 x x 
GFDL-CM3 2 x x 
GFDL-ESM2G 2 x x 
GFDL-ESM2M 2 x x 
GISS-E2-H 2 x x 
GISS-E2-H-CC 2 x x 
GISS-E2-R 2 x x 
GISS-E2-R-CC 2 x x 
HadGEM2-AO 1.3 x x 
HadGEM2-CC 1.3 x x 
HadGEM2-ES 1.3 x x 
INM-CM4 1.5 x x 
IPSL-CM5A-LR 1.9 x x 
IPSL-CM5A-MR 1.3 x x 
IPSL-CM5B-LR 1.9 x x 
MIROC-ESM-CHEM 2.8 x x 
MIROC5 1.4 x x 
MPI-ESM-LR 1.9 x x 
MPI-ESM-MR 1.9 x x 
MRI-CGCM3 1.1 x x 
MRI-ESM1 1.1  x 
NorESM1-M 1.9 x x 
NorESM1-ME 1.9 x x 
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Appendix 2.4 | Coefficients used in melt calculations and the method by which 
they were calculated. 
 
Bound a (m2 W-1 
mm d-1 °C-
1) 
Method 
coefficient 
calculated 
DDF 
(mm d-1 
°C-1) 
Method 
coefficient 
calculated 
MF 
(mm d-
1 °C-1) 
Method 
coefficient 
calculated 
Lower 
Bound 
0.0158 (mean of all 
literature a 
values for 
snow) 
2.87 (mean of all 
literature DDF 
values for snow 
minus STD) 
0.94 MF = 2.87 - 
(0.0158 * 
121.862) 
Upper 
Bound 
0.0223 (mean of all 
literature a 
values for 
ice) 
14.19 (mean of all 
literature DDF 
values for ice plus 
STD) 
11.47 MF = 14.19 - 
(0.0223 * 
121.862) 
Medium 
(best 
guess) 
0.019 (mean of 
upper and 
lower bound) 
8.53 (mean of upper 
and lower bound) 
6.21 MF = 8.53 - 
(0.019 * 
121.862) 
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Appendix 2.5 | Degree day factor (DDF) values obtained from the literature. 
 
Measur
ement 
Type 
Value 
(mm d-
1 °C-1) 
Paper Site Country Cited 
from 
another 
paper? 
Ice 5.4 Hock 1999 Storglaciaren Sweden N 
Ice 5.5 Braithwaite 1995 Norway Norway Y 
Ice 5.5 Braithwaite 1995 Nigardsbreen Norway Y 
Ice 5.5 Braithwaite 1995 Hellstugubreen Norway Y 
Ice 5.5 Hock 2003 John Evans Glacier Canada Y 
Ice 5.5 Vaughan 2006 
 
Antarctic 
Peninsula 
Y/N 
Ice 5.9 Hock 2003 Hans Tausen Ice Cap Greenland Y 
Ice 6.0 Hock 1999 Storglaciaren Sweden N 
Ice 6.0 Braithwaite 1995 Swiss glaciers Switzerland Y 
Ice 6.0 Braithwaite 1995 Franz Josef Glacier New Zealand Y 
Ice 6.0 Braithwaite 1995 Alfotbreen Norway Y 
Ice 6.2 Braithwaite & Zhang 
2000 
Glacier de Sarennes France Y 
Ice 6.3 Hock 1999 Storglaciaren Sweden N 
Ice 6.3 Braithwaite 1995 Store Supphellebre Norway Y 
Ice 6.3 Braithwaite 1995 Artic Canada Canada Y 
Ice 6.4 Hock 1999 Storglaciaren Sweden N 
Ice 6.4 Braithwaite 1995 Nigardsbreen Norway Y 
Ice 6.6 Hock 2003 Rakhiot Glacier Himalayas Y 
Ice 6.9 Braithwaite & Zhang 
2000 
 
Patagonia Y 
Ice 7.0 Fausto et al. 2009; 
Greve 2005 
Greenland Ice Sheet Greenland N 
Ice 7.0 Hock 2003 Thule Ramp Greenland Y 
Ice 7.1 Hock 2003 Morenoglacier Argentina Y 
Ice 7.1 Hock 2003 John Evans Glacier Canada Y 
Ice 7.3 Hock 2003 Qamanarssup sermia 
(West Greenland) 
Greenland Y 
Ice 7.4 Hock 2003 Dokriani Glacier Himalayas Y 
Ice 7.5 Braithwaite 1995 Nordbogletscher (West 
Greenland) 
Greenland N 
Ice 7.6 Hock 2003 John Evans Glacier Canada Y 
Ice 7.7 Braithwaite 1995 Satujokull Iceland Y 
Ice 8.0 Lefebre et al. 2002 
 
West 
Greenland 
N 
Ice 8.1 Hock 2003 Glacier AX010  Himalayas Y 
Ice 8.2 Braithwaite 1995 Qamanarssup sermia 
(West Greenland) 
Greenland N 
Ice 8.7 Hock 2003 GIMEX profile Greenland Y 
Ice 8.8 Hock 2003 Glacier AX010  Himalayas Y 
Ice 8.9 Braithwaite & Zhang 
2000 
Griesgletscher Switzerland N 
Ice 9.2 Hock 2003 GIMEX profile Greenland Y 
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Ice 9.3 Hock 2003 Yala Glacier Himalayas Y 
Ice 9.8 Hock 2003 Kronprins Christian Land  Greenland Y 
Ice 10.1 Hock 2003 Yala Glacier Himalayas Y 
Ice 10.8 Pellicciotti et al. 2005 Haut Glacier Switzerland N 
Ice 11.7 Hock 2003 Aletschgletscher Switzerland Y 
Ice 12.0 Hock 2003 Thule Ramp Greenland Y 
Ice 13.8 Braithwaite 1995 Vestfonna (Spistbergen) Norway Y 
Ice 15.0 Fausto et al. 2009; 
Greve 2005 
Greenland Ice Sheet Greenland N 
Ice 16.9 Hock 2003 Khumbu Glacier Himalayas Y 
Ice 17.5 Lefebre et al. 2002 ETH Camp West 
Greenland 
N 
Ice 18.6 Hock 2003 Camp IV-EGIG Greenland Y 
Ice 20.0 Hock 2003 GIMEX profile Greenland Y 
Ice 33.0 Morris 1999 Moraine Corrie Glacier; 
Antarctic Peninsula 
Antarctica N 
Snow 2.17 Smith et al. 1998 Rothera Point Antarctic 
Penisula 
N 
Snow 2.70 Hock 2003 John Evans Glacier Canada Y 
Snow 2.80 Braithwaite & Zhang 
2000 
Qamanarssup sermia West 
Greenland 
Y 
Snow 2.90 Braithwaite 1995 Nordbogletscher (West 
Greenland) 
Greenland N 
Snow 2.96 Huss & Bauder 2009 Silvrettagletscher Switzerland N 
Snow 3.00 Fausto et al. 2009; 
Greve 2005 
Greenland Ice Sheet 
  
Snow 3.00 Braithwaite et al. 1995 Franz Josef Glacier New Zealand Y 
Snow 3.00 Lefebre et al. 2003 
 
West 
Greenland 
N 
Snow 3.20 Hock et al. 1999 Storglaciaren Sweden N 
Snow 3.49 Braithwaite et al. 2006 Global – 180 glaciers 
 
N 
Snow 3.50 Braithwaite et al. 1995 Hellstugubreen Norway Y 
Snow 3.70 Braithwaite 1995 Qamanarssup sermia 
(West Greenland) 
Greenland N 
Snow 3.73 Huss & Bauder 2009 Clarindenfirn Switzerland N 
Snow 3.80 Braithwaite & Zhang 
2000 
Glacier de Sarennes France Y 
Snow 3.90 Hock 2003 John Evans Glacier Canada Y 
Snow 3.93 Huss & Bauder 2009 Clarindenfirn Switzerland N 
Snow 3.96 Braithwaite et al. 2006 Global – 180 glaciers 
 
N 
Snow 3.97 Huss & Bauder 2009 Gr. Aletshgletscher Switzerland N 
Snow 4.00 Braithwaite et al. 1995 Nigardsbreen Norway Y 
Snow 4.10 Hock 2003 John Evans Glacier Canada Y 
Snow 4.40 Hock 1999 Storglaciaren Sweden N 
Snow 4.40 Braithwaite et al. 2006 Global – 180 glaciers 
 
N 
Snow 4.40 Braithwaite et al. 1995 Nigardsbreen Norway Y 
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Snow 4.50 Braithwaite et al. 1995 Alfotbreen Norway Y 
Snow 4.50 Braithwaite & Zhang 
2000 
5 Swiss Glaciers Switzerland 
 
Snow 4.50 Braithwaite & Zhang 
2000 
Weissflujoch Switzerland Y 
Snow 4.50 Braithwaite & Zhang 
2000 
Weissflujoch Switzerland Y 
Snow 5.40 Braithwaite et al. 1995 Gr. Aletshgletscher Switzerland Y 
Snow 5.48 Lefebre et al. 2002 ETH Camp West 
Greenland 
N 
Snow 5.50 Vaughan 2006 Antarctic Peninsula Antarctica Y/N 
Snow 5.50 Hock 2003 John Evans Glacier Canada Y 
Snow 5.70 Braithwaite et al. 1995 Satujokull Iceland Y 
Snow 5.70 Hock 2003 Dokriani Glacier Himalyas Y 
Snow 5.90 Hock 2003 Dokriani Glacier Himalyas Y 
Snow 6.00 Smith et al. 1998 Spartan Glacier Antarctic 
Peninsula 
Y 
Snow 6.30 Smith et al. 1998 White & Sverdrup Glaciers Arctic 
Canada 
Y 
Snow 6.50 Szafraniec 2002 Hansbreen Svalbard N 
Snow 7.30 Hock 2003 Glacier AX010 Himalyas Y 
Snow 7.68 Pellicciotti et al. 2005 Haut Glacier, Switzerland 
  
Snow 8.70 Hock 2003 Glacier AX010 Himalyas Y 
Snow 11.60 Hock 2003 Glacier AX010 Himalyas Y 
 
 
 
Appendix 2.6 | Melt factor (MF) values obtained from the literature.  
Value (mm d-1 °C-1) Paper Site Country 
1.8 Hock et al. 1999a Storglaciaren Sweden 
1.97 Pellicciotti et al. 
2005b 
Haut Glacier Switzerland 
0.49 Huss et al. 2009c Clariden Upper  European Alps 
0.52 Huss et al. 2009c Clariden Lower  European Alps 
0.5 Huss et al. 2009c Aletsch  European Alps 
0.43 Huss et al. 2009c Silvretta  European Alps 
a Hock, R. A distributed temperature-index ice- and snowmelt model including potential direct solar radiation. J. of Glaciol. 45, 101-111 (1999). 
b Pellicciotti, F. et al. An enhanced temperature-index glacier melt model including the shortwave radiation balance: development and testing for 
Haut Glacier d'Arolla, Switzerland. J. of Glaciol. 51, 573-587 (2005). 
c Huss, M., Funk, M. & Ohmura, A. Strong Alpine glacier melt in the 1940s due to enhanced solar radiation. Geophys. Res. Lett. 36, L23501 
(2009). 
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Appendix 2.7 | Radiation coefficient (a) values obtained from the literature.  
Measurement 
Type 
Value (m2 W-1 
mm d-1 °C-1) 
Paper Site Country 
Ice 0.0192 Hock et al. 1999a Storglaciaren Sweden 
Ice 0.0254 Pellicciotti et al. 2005b Haut Glacier Switzerland 
Snow 0.0144 Hock et al. 1999a Storglaciaren Sweden 
Snow 0.0125 Pellicciotti et al. 2005b Haut Glacier Switzerland 
Snow 0.0172 Huss et al. 2009c Clariden Upper European Alps 
Snow 0.0181 Huss et al. 2009c Clariden Lower European Alps 
Snow 0.0175 Huss et al. 2009c Aletsch European Alps 
Snow 0.0151 Huss et al. 2009c Silvretta European Alps 
a Hock, R. A distributed temperature-index ice- and snowmelt model including potential direct solar radiation. J. of Glaciol. 45, 101-111 (1999). 
b Pellicciotti, F. et al. An enhanced temperature-index glacier melt model including the shortwave radiation balance: development and testing for 
Haut Glacier d'Arolla, Switzerland. J. of Glaciol. 51, 573-587 (2005). 
c Huss, M., Funk, M. & Ohmura, A. Strong Alpine glacier melt in the 1940s due to enhanced solar radiation. Geophys. Res. Lett. 36, L23501 
(2009). 
 
Appendix 2.8 | Lower, mean and upper bounds of new ice-free area (km2) 
projected under RCP climate forcing scenarios for Antarctica by the year 2098. 
 
 Lower 
Bound 
Mean Upper 
Bound 
a) Subset ensemble mean 
models 
 
RCP4.5 2,100 7,708 10,205 
RCP8.5 7,847 14,027 17,267 
b) Full-ensemble ER mean 
models 
 
RCP2.6 0 910 1,902 
RCP4.5 534 4,305 7,088 
RCP8.5 5,971 11143 14,112 
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Appendix 2.9 | Current and future ice-free area (km2) in each Antarctic 
Conservation Biogeographic Region. Estimates of future ice-free area are 
provided for three different climate change scenarios (RCP2.6, RCP4.5, RCP8.5), 
using full-ensemble ER mean models. Bars represent total area using the mean ice-
melt coefficients, while error bars represent the lower and upper bounds, 
respectively (total projected ice-free area using the lowest and highest ice melt 
coefficients; see Methods). 
 
 
Appendix 2.10 | Metrics describing current and future ice-free areas within 
Antarctic Conservation Biogeographic Regions.  
Metric Name Description 
Mean area Mean area of individual ice-free patches 
Total area Total area of all ice-free patches 
No. of IF Number of ice-free patches 
Mean dist NN Mean distance to nearest neighbour 
Mean dist N 10 km Mean distance to neighbours that fall within 10 km 
Mean No. N 10 km Mean number of neighbours that fall within 10 km 
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Appendix 2.11 | Projected 21st century climate change in Antarctica between 
2014 and 2098 under RCP4.5. a, Change in degree days. b, Change in precipitation 
rate (mm per year). c, Projected melt (m) using mean melt coefficients. RCP climate 
forcing scenarios were derived from the IPCC Fifth Assessment Report (AR5), see 
Methods. Maps have been generated from original data and the Antarctic coastline 
file downloaded from the Antarctic Digital Database (ADD Version 7; 
http://www.add.scar.org). 
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Appendix 2.12 | New Antarctic ice-free area (km2) predicted to emerge between 
2014 and 2098 under climate forcing scenario RCP4.5. Mean melt coefficients 
used to determine the melt rate. Grid cell resolution is 50 km in the continental map 
and 10 km in the Antarctic Peninsula inset. Maps have been generated from original 
data and the Antarctic coastline file downloaded from the Antarctic Digital Database 
(ADD Version 7; http://www.add.scar.org). 
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Appendix 2.13 | Current (C) and future (8.5) values of Antarctic ice-free area 
metrics under climate forcing scenario RCP8.5. 
 
 Mean area 
(km2) 
Total Area 
(km2) 
No. of IF Mean dist NN 
(m) 
Mean dist N 10 
km (km) 
Mean No. N 10 
km 
ACBR C 8.5 C 8.5 C 8.5 C 8.5 C 8.5 C 8.5 
2 1.5 15.2 160 623 105 41 633 438* 5.5 4.3* 18.7 8.4* 
3a 1.2 6.6* 6,398 18,853 5,534 2,872 705 835 5.7 5.4* 29.0 19.6* 
4 1.1 1.4 4,962 5,993 4,556 4,327 813 849 5.7 5.8 25.0 24.6 
5 2.2 2.2 2,188 2,192 989 987 1,663 1,667 5.1 5.1 10.0 10.0 
6 5.3 5.3 5,523 5,523 1,040 1,040 1,972 1,972 5.0 5.0 8.8 8.8 
7 3.5 3.4 1,109 1,161 320 341 2,173 2,029 4.9 4.9 21.5 27.0* 
8 2.2 2.2 9,431 9,437 4,322 4,322 840 840 5.7 5.7 22.7 22.7 
9 12.8 12.8 10,038 10,038 784 784 1,332 1,332 5.1 5.1 9.8 9.8 
10 5.5 5.5 18,480 18,480 3,344 3,344 1,199 1,199 5.4 5.4 12.3 12.3 
11 5.4 5.4 2,859 2,859 526 526 1,133 1,133 5.5 5.5 14.1 14.1 
12 2.4 2.4 1,128 1,136 472 472 2,563 2,604 4.8 4.8 6.3 6.3 
13 1.7 1.7 179 179 106 106 4,327 4,327 4.8 4.8 8.2 8.2 
14 1.3 1.3 217 219 172 172 3,273 3,268 4.4 4.4 5.5 5.5 
15 1.5 1.5 2,875 2,875 1,855 1,855 1,141 1,141 5.7 5.7 19.4 19.4 
16 9.2 9.2 5,992 5,995 651 650 2,345 2,346 4.8 4.8 8.4 8.4 
Cont 2.9 3.9 71,537 85,564 24,776 21,839 1,098 1,174 5.5 5.5 20.3 18.0 
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Appendix 2.14 | Current (C) and future (4.5) values of Antarctic ice-free area 
metrics under climate forcing scenario RCP4.5. 
 
 
 
 Mean area 
(km2) 
Total Area 
(km2) 
No. of IF Mean dist NN 
(m) 
Mean dist N 10 
km (km) 
Mean No. N 10 
km 
ACBR C 4.5 C 4.5 C 4.5 C 4.5 C 4.5 C 4.5 
2 1.5 15.2 160 623 105 41 633 438* 5.5 4.3* 18.7 8.4* 
3a 1.2 3.2* 6,398 13,575 5,534 4,232 705 722* 5.7 5.6* 29.0 27.3* 
4 1.1 1.1 4,962 5,030 4,556 4,537 813 813 5.7 5.7 25.0 25.0 
5 2.2 2.2 2,188 2,188 989 989 1,663 1,663 5.1 5.1 10.0 10.0 
6 5.3 5.3 5,523 5,523 1,040 1,040 1,972 1,972 5.0 5.0 8.8 8.8 
7 3.5 3.5 1,109 1,109 320 320 2,173 2,173 4.9 4.9 21.5 21.5 
8 2.2 2.2 9,431 9,431 4,322 4,322 840 840 5.7 5.7 22.7 22.7 
9 12.8 12.8 10,038 10,038 784 784 1,332 1,332 5.1 5.1 9.8 9.8 
10 5.5 5.5 18,480 18,480 3,344 3,344 1,199 1,199 5.4 5.4 12.3 12.3 
11 5.4 5.4 2,859 2,859 526 526 1,133 1,133 5.5 5.5 14.1 14.1 
12 2.4 2.4 1,128 1,128 472 472 2,563 2,563 4.8 4.8 6.3 6.3 
13 1.7 1.7 179 179 106 106 4,327 4,327 4.8 4.8 8.2 8.2 
14 1.3 1.3 217 217 172 172 3,273 3,273 4.4 4.4 5.5 5.5 
15 1.5 1.5 2,875 2,875 1,855 1,855 1,141 1,141 5.7 5.7 19.4 19.4 
16 9.2 9.2 5,992 5,992 651 651 2,345 2,345 4.8 4.8 8.4 8.4 
Cont 2.9 3.4 71,537 79,245 24,776 23,391 1,098 1,125 5.5 5.5 20.3 19.5 
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Appendix 2.15 | Ice-free area metrics for Antarctic Conservation Biogeographic 
Region 3a (North Antarctic Peninsula). Metrics provided under current climate 
conditions (C) and two different RCP scenarios (4.5, 8.5). a, Mean area of ice-free 
patches (km2). b, Total ice-free area (km2). c, Number of ice-free patches. d, Mean 
distance to nearest neighbour (NN; metres). Mid-line on box represents the mean ice 
melt coefficient, while bottom of box represents lower bound, top of box represents 
upper bound, and error bars represent standard error of the mean (n = 12,638 ice-
free areas, see ACBR 3a in Appendix 2.16 and 2.17). 
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Appendix 2.16 | ANOVA analysis of log-transformed “mean ice-free area” for 
subset ensemble mean models, mean melt coefficients. 
 
ACBR F-statistic P value (Current 
– RCP4.5) 
P value (Current 
– RCP8.5) 
2 F2,185 = 0.12 0.696 0.696 
3a F2,12635 = 41.68 <0.001 <0.001 
4 F2,13417 = 0.004 0.954 0.977 
5 F2,2962 = 0.001 1.0 0.972 
6 F2,3117 = <0.001 1.0 1.0 
7 F2,978 = 2.225 1.0 0.07 
8 F2,12963 = <0.001 1.0 1.0 
9 F2,2349 = <0.001 1.0 1.0 
10 F2,10029 = <0.001 1.0 1.0 
11 F2,1575= <0.001 1.0 1.0 
12 F2,1413 = 0.005 1.0 0.933 
13 F2,315 = <0.001 1.0 1.0 
14 F2,513 = 0.008 1.0 0.911 
15 F2,5562 = <0.001 1.0 1.0 
16 F2,1949 = 0.006 1.0 0.927 
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Appendix 2.17 | ANOVA analysis of log-transformed “mean distance to nearest 
neighbour” for subset ensemble mean models, mean melt coefficients.  
ACBR F-statistic P value (Current 
– RCP4.5) 
P value (Current 
– RCP8.5) 
2 F2,184 = 6.697 <0.005 <0.005 
3a F2,12635 = 3.849 0.006 0.159 
4 F2,13417 = 0.035 0.964 0.805 
5 F2,2962 = 0.004 1.0 0.935 
6 F2,3117 = <0.001 1.0 1.0 
7 F2,978 = 1.164 1.0 0.189 
8 F2,12963 = <0.001 1.0 1.0 
9 F2,2349 = <0.001 1.0 1.0 
10 F2,10029 = <0.001 1.0 1.0 
11 F2,1575 = <0.001 1.0 1.0 
12 F2,1413 = 0.002 1.0 0.961 
13 F2,315 = <0.001 1.0 1.0 
14 F2,513 = <0.001 1.0 0.992 
15 F2,5562 = <0.001 1.0 1.0 
16 F2,1949 = 0.003 1.0 0.944 
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Appendix 2.18 | ANOVA analysis of “mean distance to neighbours within 10km” for 
subset ensemble mean models, mean melt coefficients.  
ACBR F-statistic P value (Current 
– RCP4.5) 
P value (Current 
– RCP8.5) 
2 F2,184 = 14.41 <0.001 <0.001 
3a F2,12591 = 75.41 0.008 <0.001 
4 F2,13373 = 0.032 0.979 0.818 
5 F2,2911 = <0.001 1.0 0.978 
6 F2,3012 = <0.001 1.0 1.0 
7 F2,957 = 0.008 1.0 0.911 
8 F2,12933 = <0.001 1.0 1.0 
9 F2,2337 = <0.001 1.0 1.0 
10 F2,9975 = <0.001 1.0 1.0 
11 F2,1572 = <0.001 1.0 1.0 
12 F2,1331 = <0.001 1.0 0.992 
13 F2,291 = <0.001 1.0 1.0 
14 F2,480 = <0.001 1.0 0.986 
15 F2,5511 = <0.001 1.0 1.0 
16 F2,1862 = <0.001 1.0 0.99 
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Appendix 2.19 | ANOVA analysis of “mean number of neighbours within 10km” 
for subset ensemble mean models, mean melt coefficients.  
ACBR F-statistic P value (Current 
– RCP4.5) 
P value (Current 
– RCP8.5) 
2 F2,184 = 70.74 <0.001 <0.001 
3a F2,12635 = 428.2 <0.005 <0.001 
4 F2,13417 = 0.966 0.995 0.228 
5  F2,2962 = 0.001 1.0 0.975 
6  F2,3117 = <0.001 1.0 1.0 
7 F2,978 = 10.8 1.0 <0.001 
8 F2,12963 = <0.001 1.0 1.0 
9  F2,2349 = <0.001 1.0 1.0 
10 F2,10029 = <0.001 1.0 1.0 
11 F2,1575 = <0.001 1.0 1.0 
12  F2,1413 = 0.001 1.0 0.976 
13  F2,315 = <0.001 1.0 1.0 
14  F2,513 = <0.001 1.0 1.0 
15 F2,5562 = <0.001 1.0 1.0 
16  F2,1949 = 0.001 1.0 0.972 
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Appendix 3 | Supplementary information from Chapter 3: 21st century sea-
level change impacts on Antarctica 
 
 
 
 
 
Appendix 3.1 | Current Antarctic ice-free area at risk of inundation under 0.5 m 
sea-level rise. Grid cell resolution is 20 km. 
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Appendix 3.2 | Total amount of ice-free land in Antarctica at risk of sea-level 
change; for a) inundation under three sea-level rise (SLR) scenarios for current (C) 
and future (RCP4.5 and RPC8.5) projections of ice-free area, and b) exposure of 
new ice-free area under two scenarios of sea-level fall (SLF).  
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Appendix 3.3 | Total amount of ice-free area at risk of sea-level change in each 
Antarctic Conservation Biogeographic Region (ACBR), for a) three sea-level rise 
scenarios, and b) two sea-level fall scenarios. 
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Appendix 3.4 | Tourist landing sites (TLS) in Antarctica at risk of inundation by 
sea-level rise. Continental map display TLS at risk (red) and safe (green) under 2m 
sea-level rise, with North Antarctic Peninsula inset. Bars represent total number of 
TLS at risk per Antarctic Conservation Biogeographic Region (ACBR), ACBR’s 
without TLS at risk do not have a bar. 
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Appendix 3.5 | Antarctic populations of chinstrap and gentoo penguins at risk 
of inundation by 2 m of sea-level rise; a) locations of breeding colonies safe and 
at-risk in the Antarctic Peninsula, and b) numbers of colonies at risk in Antarctic 
Conservation Biogeographic Regions (ACBR) 1 – North-east Antarctic Peninsula 
and 3 – North-west Antarctic Peninsula. 
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Appendix 3.6 | Antarctic penguin populations (including chinstrap, gentoo and 
Adélie penguins) at risk from sea-level rise; a) number of breeding pairs at risk 
under 3 sea-level rise scenarios in each Antarctic Conservation Biogeographic 
Region ACBR); b) percentage of breeding colonies at risk of inundation under three 
sea-level rise scenarios. Green line represents 10% of the colonies breeding area is 
at risk, red line represents 90% at risk. 
 
 
 
Appendix 3.7 | Important Bird Areas (IBA’s) in Antarctica at risk of inundation 
by sea-level rise. Continental map display IBA’s at risk (red) and safe (green) under 
2m sea-level rise, with North Antarctic Peninsula inset. Bars represent total number 
of IBA’s at risk per Antarctic Conservation Biogeographic Region (ACBR), ACBR’s 
without IBA’s at risk do not have a bar. 
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Appendix 3.8 | Antarctic facilities at risk of inundation by 2m of sea-level rise. 
Name Nation ACBR Type Status Latitude Longitude 
Esperanza Argentina 1 Station Year-Round -63.396959 -56.998054 
Marambio Argentina 1 Station Year-Round -64.241769 -56.623225 
Arctowski Poland 3 Station Year-Round -62.159773 -58.473322 
Artigas Uruguay 3 Station Year-Round -62.184551 -58.902442 
Arturo Prat Naval Base Chile 3 Station Year-Round -62.478717 -59.663603 
Bellingshausen Russia 3 Station Year-Round -62.198184 -58.960609 
Bernardo O'Higgins Chile 3 Station Year-Round -63.320951 -57.899781 
Brown Argentina 3 Station Seasonal -64.895370 -62.870452 
Cámara Argentina 3 Station Seasonal -62.593858 -59.919344 
Carlini (Jubany) Argentina 3 Station Year-Round -62.237900 -58.666842 
Carvajal Chile 3 Station Seasonal -67.761322 -68.914815 
Dallmann Germany 3 Lab Seasonal -62.237609 -58.666716 
Dirck Gerritsz Laboratory Netherlands/ UK 3 Lab Seasonal -67.568636 -68.124377 
Eduardo Frei  Chile 3 Station Year-Round -62.200232 -58.962627 
Gabriel González Videla Chile 3 Station Seasonal -64.823862 -62.857499 
German Antarctic Receiving 
Station (GARS) Germany 3 Station Year-Round -63.321092 -57.900940 
Great Wall China 3 Station Year-Round -62.217519 -58.961992 
Guillermo Mann Chile 3 Station Seasonal -62.470150 -60.771178 
Byers Peninsula Int. Camp  Spain 3 Camp Seasonal -62.663772 -61.099436 
Johann Gregor Mendel Czech Republic 3 Station Seasonal -63.800625 -57.882592 
Julio Escudero Chile 3 Station Year-Round -62.201373 -58.962676 
King Sejong Republic of Korea 3 Station Year-Round -62.223239 -58.786504 
Machu Picchu Peru 3 Station Seasonal -62.091593 -58.470559 
Melchior Argentina 3 Station Seasonal -64.325705 -62.976329 
Palmer United States 3 Station Year-Round -64.774261 -64.053334 
Pedro Vicente Maldonado Ecuador 3 Station Seasonal -62.449329 -59.740969 
Rada Covadonga Chile 3 Station Seasonal -63.320658 -57.898224 
Ripamonti Chile 3 Refuge Seasonal -62.210151 -58.934740 
Risopatrón Chile 3 Station Seasonal -62.378533 -59.700724 
Rodolfo Marsh Martin 
Aerodrome Chile 3 Airfield Year-Round -62.193794 -58.980605 
San Martín Argentina 3 Station Year-Round -68.130300 -67.102931 
Vernadsky Ukraine 3 Station Year-Round -65.245743 -64.257481 
Yelcho Chile 3 Station Seasonal -64.875858 -63.583806 
Syowa Japan 5 Station Year-Round -69.004122 39.581836 
Davis Australia 7 Station Year-Round -68.575938 77.969516 
Mirny Russia 7 Station Year-Round -66.553181 93.009559 
Zhongshan China 7 Station Year-Round -69.373206 76.371871 
Gondwana Germany 8 Station Seasonal -74.635501 164.221215 
Jang Bogo Republic of Korea 8 Station Year-Round -74.627363 164.235850 
Mario Zucchelli Italy 8 Station Seasonal -74.694807 164.113268 
Scott Base New Zealand 9 Station Year-Round -77.849437 166.767281 
Dumont d'Urville France 13 Station Year-Round -66.662833 140.001333 
Mawson Australia 16 Station Year-Round -67.602644 62.873028 
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Appendix 3.9 | Projected increase in average distance to coastline of five 
Antarctic features (penguin colonies, Antarctic Specially Protected Areas, 
facilities, Important Bird Areas, tourist landing sites) in each Antarctic 
Conservation Biogeographic Region (ACBR) under two sea-level fall 
scenarios. 
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Appendix 3.10 | Top ten high risk sites of sea-level change for the Antarctic 
Peninsula and rest of the Antarctic continent based on the number of features 
at risk (20 km grid cell; see Fig. 3.5; Appendix 3.11). 
 
 
 
 
 
 
 
High risk peninsular sites of sea-level change 
Rank Name  Region ACBR #Features 
at risk 
#Penguins 
at risk 
#ASPAs 
at risk 
#Facilities 
at risk 
#IBAs 
at risk 
#TLS 
at risk 
#1 South King George 
Island 
South Shetland 
Islands 
3 30 7 4 10 2 7 
#2 Neko Harbour Graham Land 3 24 12 0 1 1 10 
#3 Wilhelm 
Archipelago 
Graham Land 3 23 11 1 1 1 9 
#4 English Strait  South Shetland 
Islands 
3 20 10 2 3 1 4 
#5 Neumayer Channel Palmer Archipelago 3 19 8 2 1 0 8 
#6 Admiralty Bay (King 
George) 
South Shetland 
Islands 
3 17 7 1 4 2 3 
#7 Arthur Harbour 
(Anvers) 
Palmer Archipelago 3 16 10 1 1 2 2 
#8 Cape Lookout 
(Elephant) 
South Shetland 
Islands 
3 15 12 0 0 2 1 
#9 South Bay 
(Livingston) 
South Shetland 
Islands 
3 14 10 0 2 0 2 
#10 False Round Point 
(King George) 
South Shetland 
Islands 
3 14 11 0 0 3 0 
          
High risk continental sites of sea-level change 
Rank Name  Region ACBR #Features 
at risk 
#Penguins 
at risk 
#ASPAs 
at risk 
#Facilities 
at risk 
#IBAs 
at risk 
#TLS 
at risk 
#1 Vestfold Hills Ingrid Christensen 
Coast 
7 10 2 1 1 6 0 
#2 Windmill Islands Wilkes Land 7 8 3 2 1 2 0 
#3 Terra Nova Bay Ross Sea 8 7 1 1 3 1 1 
#4 Point Geologie 
Archipelago 
Adélie Land 13 6 1 1 2 1 1 
#5 Cape Hallett Ross Sea 8 6 2 1 0 2 1 
#6 Cape Royds Ross Island 8 6 2 2 0 1 1 
#7 Rauer Islands Prydz Bay 7 6 3 0 0 3 0 
#8 Windmill Islands #2 
(Peterson) 
Wilkes Land 7 5 2 1 0 2 0 
#9 Windmill Islands #3 
(Shirley) 
Wilkes Land 7 5 2 1 0 2 0 
#10 Tryne Islands 
(Vestfold Hills) 
Ingrid Christensen 
Coast 
7 5 4 0 0 1 0 
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Appendix 3.11 | Number of Antarctic features located at sites at high risk of 
sea-level change impacts (i.e. combined risk of both sea-level rise and sea-
level fall). Features include penguin colonies, Antarctic Specially Protected Areas, 
facilities, Important Bird Areas, and tourist landing sites. Grid cell resolution is 20 km. 
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Appendix 4 | Supplementary information from Chapter 4: The past, present, 
and future of Antarctic tourism 
 
 
 
 
Appendix 4.1 | Total annual visitor landings by Antarctic Conservation 
Biogeographic Region (ACBR). 
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Appendix 4.2 | Top visited tourist landing sites in the Antarctic Peninsula and 
continental regions by number of total visitors. 
 
Top Visited Sites - Peninsula Top Visited Sites - Continent 
Name ACBR 
Total # 
Visitors Name ACBR 
Total # 
Visitors 
Whalers Bay 3 269199 Cape Evans 9 9676 
Neko Harbor 3 244148 Cape Royds 9 8215 
Cuverville Island 3 241197 Cape Adare 8 6640 
Half Moon Island 3 238502 McMurdo Station 9 6498 
Goudier Island 3 238341 Mario Zucchelli Station 8 5363 
Almirante Brown Station 3 173231 Union Glacier 11 5005 
Petermann Island 3 170956 Franklin Island 9 4385 
Jougla Point 3 133421 Scott Base 9 4061 
Brown Bluff 3 110681 Canada Glacier 9 3971 
González Videla Station 3 84259 Cape Hallett 8 3757 
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Appendix 4.3 | Top visited tourist landing sites in the Antarctic Peninsula and 
continental regions by number of total visitors. 
 
 
 
 
 
  
Top Visited Stations Top Visited Historic Sites 
Name Operator ACBR 
Total # 
Visitors Name HSM # ACBR 
Total # 
Visitors 
Almirante Brown Argentina 3 173231 Whalers Bay HSM-71 3 269199 
Gabriel González Videla Chile 3 84259 
Gabriel Gonzalez Videla 
Shelter HSM-30 3 84259 
Vernadsky (ex Faraday) Ukraine 3 72269 Waterboat Point Hut HSM-56 3 84259 
Palmer USA 3 55425 Paulet Island Hut HSM-41 3 75381 
Arctowski Poland 3 51492 Aguirre Cerda Stat. ruins HSM-76 3 70750 
Esperanza Argentina 1 33587 MacFarlane's Plaque HSM-57 3 51782 
President Eduardo Frei Chile 3 25254 Port Lockroy HSM-61 3 47594 
Orcadas Argentina 2 21983 Hut at Damoy Point HSM-84 3 46987 
Bellingshausen Russia 3 17728 General San Martin's Bust HSM-40 1 33587 
Great Wall China 3 17622 Charcot's cairn 1904 HSM-28 3 25203 
Comandante Ferraz Brazil 3 7474 Base W HSM-83 3 20429 
Carlini (ex Jubany) Argentina 3 7388 Great Wall Stat. Monolith HSM-52 3 17622 
McMurdo USA 9 6498 
No.1 Building at Great 
Wall Station HSM-86 3 17622 
Mario Zucchelli Italy 8 5363 Wordie Hut (Base F) HSM-62 3 12971 
Union Glacier Chile 11 5005 Endurance Memorial Site HSM-53 3 10981 
Rothera (ex Station R) UK 3 4184 Terra Nova Hut HSM-16 9 9676 
Scott Base NZ 9 4061 Cross on Wind Vane Hill HSM-17 9 9676 
Arturo Prat  Chile 3 3436 Shackleton's Hut HSM-15 9 8215 
Dumont d'Urville France 13 1764 Base Y HSM-63 3 7534 
Signy (ex Station H) UK 2 1545 Hope Bay Hut HSM-39 1 6958 
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Appendix 4.4 | Initial model performance for twelve statistical models predicting 
distribution of tourist landing sites in Antarctica. Initial performance was gauged 
using area under the receiver-operating characteristic (AUC) and residual deviance. 
Model ID 7 (random forest) was deemed suitable for further analysis. 
 
Model ID Model Name AUC Deviance 
1 glm 0.775 0.5937 
2 gam 0.804 0.5503 
3 cart 0.767 0.5675 
4 brt 0.801 0.5979 
5 mars 0.802 0.5567 
6 mda 0.734 0.6477 
7 rf 0.94 0.3455 
8 svm 0.652 0.7788 
10 maxlike 0.743 1.8208 
11 bioclim 0.699 1.2612 
12 fda 0.747 0.6188 
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Appendix 4.5 | Partial dependence plots for Random Forest model used to 
project the distribution of Antarctic tourist landing sites for current and future. 
Names abbreviated as follows: Accessibility “Access”, Temperature “AMPSb”, 
Distance to nearest historic site or monument “Dist_HSMc”, % of ice-free area 
“IFA_10km_noNA”, Distance to nearest penguin colony “Dist_Penc”, Distance to 
nearest port “Dist_Port”, Distance to nearest station “Dist_StatC5b”. 
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Appendix 4.6 | Number of tourist landing sites visited annually by Antarctic 
Conservation Biogeographic Region (ACBR). 
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Appendix 5 | Supplementary information from Chapter 5: Priority Threat 
Management of Antarctic biodiversity under multiple stressors 
 
 
Appendix 5.1 | Outline of Priority Threat Management (PTM) methods used to 
assess biodiversity benefits under different management strategies. 
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Appendix 5.2 | The 38 biodiversity groups used in Antarctic priority threat 
management; where species were groups based on a similar predicted response to 
threats and management strategies. 
 
Broad 
Grouping 
Feature Details 
Invertebrates Midges The two native Antarctic midges, ie. Belgica antarctica, 
Parochlus steinenii 
Freshwater 
nematodes, rotifers, 
tardigrades 
Microfauna that survive in freshwater, e.g., nematodes - 
Plectus spp; rotifers - Adineta grandis, Epiphanes senta; 
tardigrades - Acutuncus antarcticus, Diphascon 
langhovdense 
Terrestrial, wet soil 
nematodes, rotifers, 
tardigrades 
Microfauna that primarily survive in wet soil, e.g., 
nematodes - Plectus spp., Eudorylaimus antarcticus,rotifers 
- Adineta gracilis; tardigrades - Milnesium tardigradum, 
Hebesuncus ryani, Acutuncus antarcticus 
Terrestrial, moss 
associated 
nematodes, rotifers, 
tardigrades 
Microfauna that are associated with mosses, e.g., 
nematodes - Plectus spp., Eudorylaimus; rotifers - Adineta 
grandis; tardigrades - Acutuncus antarcticus, Echiniscus 
pseudowendti 
Entomobryomorpha 
springtails 
Eg. Isotoma klovstadi 
Poduromorpha 
springtails 
eg. Gomphiocephalus hodgsoni 
Intertidal springtails 
 
Intertidal mites 
 
Terrestrial, free-living 
mites 
All free-living mites, Cryptostigmata, Prostigmata, and 
Mesostigmata mites. Such as Alaskozetes antarcticus, 
Coccorhagidia gressitti, Gamasellus racovitzai 
Intertidal 
enchytraeids and 
oligochaetes 
eg. Christensenia spp. 
Terrestrial, dry soil 
nematodes 
Nematodes that primarily survive in dry soil e.g., Scottnema 
lindsayae 
Terrestrial, penguin 
rookery associated 
nematodes 
Nematodes that are primarily live in association with 
penguin rookeries, e.g., Panagrolaimus spp. 
Vegetation Colobanthus 
quitensis 
  
Deschampsia 
antarctica 
 
Bank-forming Mosses 
 
Hydric Mosses 
 
Mesic Mosses 
 
Xeric Mosses 
 
Truly aquatic mosses i.e. lake-dwelling moss 
Leafy Liverwort eg. Cephaloziella varians 
Freshwater or 
Limnetic algae 
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Fruiticose & Foliose 
Lichens 
eg. Usnea Antarctica, Umbilicaria 
Crustose Lichens eg. Lecanora expectans, Xanthoria elegans 
Microbes Mat-forming 
Terrestrial algae 
eg. Prasiola crispa  
Biological soil crust 
communities 
 
Dry soil microbial 
communities 
Microbes that predominantly survive in the dry soil 
Lithic (endolithic, 
hypolithic and 
chasmolithic) 
microbial 
communities 
Microbes that predominantly survive on/in rocks 
Microbial mats, both 
lake and flush 
systems 
Cyanobacteria 
Wet soil microbial 
communities 
Microbes that predominantly survive in the wet soil 
Vertebrates 
(Including 
monospecific 
ectoparasites, 
such as lice 
Lepidophthirus 
macrorhini) 
Adélie Penguins  
Chinstrap Penguins  
Emperor Penguins  
Gentoo Penguins  
Antarctic shag  
Greater sheathbill  
Southern giant 
petrels 
 
South polar skua  
Procellariids Snow petrel, Southern Fulmar, Wilson's storm petrel, 
Antarctic prion, Cape petrel. Includes multi-specific 
ectoparasties 
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Appendix 5.3 | Identified threats that may impact Antarctic terrestrial 
biodiversity by 2100. 
 
Category Threat (Activity) Examples (Aspect) 
Human Activity Infrastructure expansion 
(stations, runways) 
Competition with biodiversity for ice-
free areas, disturbance, footpaths & 
physical impact, waste 
Intercontinental vehicles 
(planes, ships – including cargo 
landings) 
Transfer of non-native species to the 
continent, pollution & oil spills, noise 
disturbance 
Intracontinental vehicles (ships, 
planes, choppers, hagglunds, 
etc) 
Intraregional transfer of native & non-
native species, pollution, disturbance 
(physical & noise) 
Scientific fieldwork Physical impacts, oversampling of rare 
populations, noise disturbance (eg. 
drones), non-recovery of scientific 
equipment 
Tourist landings Transfer of non-native species to the 
continent, intraregional transfer of 
native & non-native species, pollution & 
oil spills, disturbance (physical and 
noise) 
Fisheries Impact on terrestrial food webs through 
overfishing  
Non-native 
species 
Introduction of non-native flora Competition, reduced diversity, 
extinctions of native species 
Introduction of non-native fauna Competition, reduced diversity, 
extinctions of native species 
Established non-native flora Competition, reduced diversity, 
extinctions of native species 
Established non-native fauna Competition, reduced diversity, 
extinctions of native species 
Introduced disease or virus Non-native microbes, native population 
impacts and declines, extinctions 
Native species Fur seal expansion Physical impacts on native species, 
range contractions, localised extinctions 
Climate Change 
(Direct) 
Increasing temperatures Increasing or decreasing performance 
of native species, range expansions 
and contractions, competition, 
extinctions 
Changing precipitation Increasing or decreasing performance 
of native species, range expansions 
and contractions, competition, 
extinctions 
Climate Change 
(Indirect) 
Changing sea ice  Vertebrate population contractions or 
expansions 
Changing sea-level Range contractions or expansions, 
extinctions 
Expansion of ice-free areas Increased habitat and connectivity – 
increasing gene flow, population 
expansion, increasing competition, 
movement of non-native species 
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Ocean acidification Impact on terrestrial species through 
impacts on marine food web 
Ozone hole recovery Changes in UV radiation levels 
Changing wind patters Further impacts on local climate 
Native species expansion Competition for resources 
Pollution (Long 
range) 
Macroplastic  
Microplastics Impact on terrestrial species through 
marine food web 
POP’s (Persistent Organic 
Pollutants) 
Decreasing performance 
Pollution (Local) Stations (current) Human waste, contamination, CO2 
emissions 
Vehicles Oil spills, CO2 emissions 
Legacy waste Persisting contamination 
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Appendix 5.4 | Proposed management strategies for conserving Antarctic biodiversity to the end of this century, detailing 
strategy objectives, specific actions that make up the strategy, costs and feasibility of each action. Acronyms: FTE – Full 
Time Equivalent, OFC FTE – Office FTE (not in Antarctica), ANT FTE – Antarctic FTE (based in Antarctica), SSUM berth – Short 
summer berth (6wks), LSUM berth – Long summer berth (12wks), Winter berth – Year berth (52wks). 
 
Strategy  
(likelihood 
of success) 
Strategy objective  Action Details and cost over time (cost 
working in blue) 
 
Total 
Cost of 
action 
by 2100 
Likelihoo
d of 
uptake 
1. Baseline 
(100%) 
 
As per today As per today NA NA 100 
      
2. Remediat
ion (60%) 
 
 
 
Increase amount of or 
improve quality of 
habitat available to 
biodiversity in 
comparison to habitat 
available today (2017). 
by remediating 20 
legacy sites (incl 
freshwater) that will 
provide the best 
benefit to biodiversity 
 
(This strategy is likely 
to be important for co-
benefits, reputation, 
wilderness values, 
other values) 
1-Collate existing information -  
Gather data on potential remediation sites 
and habitat, species, and history of impacts, 
including freshwater (identify gaps in existing 
info and fill if possible) 
6 months OFC FTE every 10 years 
 
(83/10 = 8.3) 
 
(0.5FTE * 8.3) = 4.15FTE 
4.15 
OFC 
FTE 
 
 
100 
2-Prioritise – Develop guidance and 
framework for best practices, THEN each 
party prioritise among the sites that they have 
impacted (estimating there are ~120 current 
sites and about ~80 historic sites, some 
formally protected) 
1 year OFC FTE every 10 years 
 
 
(1 * 8.3) 
8.3 OFC 
FTE 
 
 
100 
3-Develop best practice remediation 
techniques for online manual - ongoing 
updates (build on clean up manual, and 
include info from Arctic). Assume future 
impacts also dealt with. 
1FTE OFC for first year, 0.25FTE 
ongoing  
 
1 + (0.25 FTE * 83yrs) 
21.75 
OFC 
FTE 
 
 
90 
4-Environmental Impacts assessment 
 
$36k per EIA  20 best sites  
 
$36k * 20 = 720k 
720k 
 
 
90 
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5-On ground remediation (use existing info 
on past restorations to inform) 
Remediate 10 in the next 20 years, another 
ten done by 2050, ~1-10 million cubic metres 
in total (split 50/50 between maritime and 
continent) 
Estimate $10M per remediation event 
 
($10M * 20 sites) 
$200M 
 
 
80 
6-Ongoing monitoring and evaluation (use 
existing info) 
*assume natural recolonisation 
5 teams of 2ppl assess 4 sites each over 
a season, every 5 years.  
 
0.5FTE *2 * 5 (4 sites each) every 5 
years 
+ 2 * 5 * (83/5) LSUM berths 
+ $50k * (83/5) lab costs for post field 
processing 
 
83 ANT 
FTE  
+ 166 
LSUM 
berths + 
$830k 
lab costs 
 
 
 
80 
      
3. Manage 
existing 
infrastru
cture 
(90%) 
 
 
 
Reduce and minimise 
impacts of existing 
infrastructure 
compared to the 
current (2017) levels  
1- Strengthen EIA process for any significant 
activity that could damage biodiversity (eg. at 
each station). 
Improve communication from plan to 
implementation and consultation with 
biodiversity experts (note: biodiversity experts 
are often consulted too late) 
1 FTE Env. manager per NAP forever, 
0.75 of time in office, 0.25 in Antarctica.  
1 LSUM berth required each year per 
NAP. 
 
0.75 OFC FTE x 30 NAPs x 83 years 
+ 0.25 ANT FTE x 30 NAPs x 83 years 
+ 30 LSUM berths * 83 years 
1868 
OFC 
FTE 
+ 623 
ANT FTE 
+ 2490 
LSUM 
berths 
 
 
60 
2 -Undertake EIA - Identify biodiversity 
around station limits and field camps with the 
goal of establishing baseline, map, and 
producing a station biodiversity plan  
 
 
Every 10 years and per station, including 
summer stations: 
 
1 Season:  
1 project manager per NAP to prepare 
pre-field (3mths) and analyse/report post 
field (6mths) (0.75 OFC FTE) 
187 OFC 
FTE + 
1328 
ANT FTE 
+ 
2656 
LSUM 
berths + 
40 
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4 field assistants (0.5 * 4 ANT FTE) per 
station 
4 LSUM berths per station 
Field equipment (eg. drones) $50k per 
NAP 
Lab costs - $50k per NP 
 
0.75 OFC FTE * 30 NPs * (83/10 years) 
0.5 * 4 ANT FTE * 80 stations * (83/10 
years) 
+ 4ppl * 80 stations * (83/10) LSUM 
berths 
 
+ $100k equipment/lab costs per NP  
= $100k * 30 NP * (83/10) 
$24.9M 
Lab/equi
pment 
costs 
 
 
3- Identify areas that need 
restoration/remediation 
Every 5 years per station:  
Consultancy work over 1 year team of (1 
engineer + 1 hydrologist + 1 env 
Chemist (pollutant expertise) + 1 
biologist. (4 * 0.5 FTE for 1 season, + 
$50k lab costs/season per NAP) 
 
0.5 * 4 ANT FTE * 80 stations * (83/5 
years)  
+ 4 * 80 * (83/5) LSUM berths 
+ $50k * 30 NAP * (83/5) lab costs 
2656 
ANT FTE  
+ 5312 
LSUM 
berths 
+ 
$24.9M 
lab costs 
 
 
50 
4- Implementation of restoration and 
remediation 
Frequency ~ once every 10 years for 
each station:  
clean up/remediation of a site (between 
$500K-$1M) 
 
Note: cost of removing an entire station 
is unknown – could happen into the 
future. 
 
$332M – 
$664M 
 
 
20 
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500k – 1M * 80 stations * 83/10 
5- Monitoring the impact of 
roads/stations/buildings (including calculating 
station footprint), to help improve 
management 
Costs covered by actions #2 & #3 above 
– same group of people identifying new 
areas for remediation/restoration will 
also monitor impacts of 
roads/stations/buildings. 
 
0 
 
 
50 
6- Socialise the idea; secure assistance and 
advice for implementation – will help with 
actions: EIA, monitoring at stations 
4 workshops with COMNAP and IAATO. 
Supported within margins of regular 
COMNAP/IAATO meetings 
$100K/workshop, every 20 years  
 
100 * 83/20 years 
$415k 
 
 
 
100 
7 -Rank/identify most important action to 
implement locally (prioritisation)  – and 
communicate this effectively 
Can be implemented by NAP Env 
Manager (Action #1) 
 
No new cost 
0 
 
100 
8- Shared facility discussions through 
CONMAP and SCAR 
Negligible cost, existing business activity 
 
0 
 
100 
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4. Manage 
new 
infrastru
cture 
(90%) 
 
 
Prevent, reduce and 
minimise impacts of 
new infrastructure 
 
(note: we are 
discussing new 
station/ new ski way/ 
new landing sites/ or 
significant 
infrastructure in 
existing station. 
 
The expected number 
of new big /significant 
infrastructure is about 
2 every 5 years (33 
new stations total) 
 
We build this strategy 
based on previous 
‘manage existing 
infrastructure’. 
 
This strategy is to be 
implemented for 5-7 
years then switch to 
existing infrastructure 
strategy 
 
Implement action (2) 
of ‘existing 
infrastructure’ first and 
then (1). The EIA 
1 -Undertake CEE - Identify biodiversity 
around station limits and field camps with the 
goal of establishing baseline, map, and 
producing a station biodiversity plan (action 
#2 in ‘existing infrastructure’). Identify areas 
to use new technology to lessen impacts. 
 
Initially per new station and then every 
10 years 
 
1 Season:  
1 project manager per NAP to prepare 
pre-field (3mths) and analyse, undertake 
assessments post field (9mths) (1 OFC 
FTE) 
4 field assistants (0.5 * 4 ANT FTE) per 
station 
4 LSUM berths per station 
Field equipment (eg. drones) $50k per 
NAP 
Lab costs - $50k per NP 
 
Assume 4 stations built every 10 years? 
 
Therefore, process will occur 144 times 
(4 within first 10yrs, 8 within subsequent 
10yrs, 12 within subsequent 10yrs etc. 
Number grows because each decade 
have to reassess already built new 
stations)  
 
1 OFC FTE * 144 (33 stations spread out 
over 83yrs) 
 
0.5*4 ANT FTE * 144 
 
4 * 144 LSUM berths 
 
$100k field/lab costs * 144 
 
144 OFC 
FTE + 
288 ANT 
FTE + 
576 
LSUM 
berths + 
$14.4M 
lab/field  
 
 
 
40 
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becomes a CEE. 
Same cost except that 
it is more expensive to 
implement a CEE – 
added desk work post 
field surveys 
2- Strengthen CEE process for any significant 
activity that could damage biodiversity (eg. at 
each station). 
Improve communication from plan to 
implementation and consultation with 
biodiversity experts (note: biodiversity experts 
are often consulted too late) (action #1 in 
‘existing infrastructure’) 
1 FTE Env. manager per NAP forever, 
0.75 of time in office, 0.25 in Antarctica.  
1 LSUM berth required each year per 
NAP. 
 
As action #1 assume 4 new stations built 
every 10 years and that each new 
station is built by a new NAP. So for first 
10yrs only 4 NAP’s need this role 
annually, next 10yrs 8 NAP’s annually 
etc. 
 
Therefore action occurs 1440 times  
 
0.75 OFC FTE x 1440stat/yrs 
+ 0.25 ANT FTE x 1440 
+ 1 LSUM berths * 1440 
1080 
OFC 
FTE 
+ 360 
ANT FTE 
+ 1440 
LSUM 
berths 
 
 
60 
3- Monitoring the impact of 
roads/stations/buildings (including calculating 
station footprint), to help improve 
management (action #5 in ‘existing 
infrastructure’) 
Every 5 years per station:  
Consultancy work over 1 year team of (1 
engineer + 1 hydrologist + 1 env 
Chemist (pollutant expertise) + 1 
biologist. (4 * 0.5 FTE for 1 season, + 
$50k lab costs/season per NAP) 
 
As above, assume 4 new stations every 
10yrs (action occurs every 5yrs) = 288 
events (4*2 in first decade, 8*2 in second 
decade etc). 
 
4 * 0.5 ANT FTE * 288 events 
+ 4 * LSUM berths * 288 events 
+ $50k lab costs * 288 events 
 
576 ANT 
FTE 
+ 1152 
LSUM 
berths 
+ 
$14.4M 
lab costs 
 
 
50 
4 -Rank/identify most important action to 
implement locally (prioritisation)  – and 
Can be implemented by NAP Env 
Manager (Action #1) 
0 
 
100 
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communicate this effectively (action #7 in 
‘existing infrastructure’) 
 
No new cost 
 
5- Shared facility discussions through 
CONMAP and SCAR (action #8 in ‘existing 
infrastructure’) 
negligible cost, existing business activity 
 
0 
 
 
100 
6 - Manager to explore/implement use of new 
technology to reduce impact on biodiversity 
(make this a requirement) 
no additional cost, could be covered by 
action #1 
 
0 
 
 
70 
      
5. Transpor
t 
Manage
ment 
(90%) 
 
 
Reduce and minimise 
impacts of transport 
compared to current 
levels 
1 -Site selection optimisation for research 
and tourist landings (link with data to be 
collected around stations) 
Every 5 years: 
2 OFC FTE (1 continent, 1 peninsula) + 
2 SSUM berths for ground-truthing 
 
2 OFC FTE * (83/5yrs) 
+ 0.25 * 2 ANT FTE * (83/5)  
+ 2 SSUM berths * (83/5) 
33 OFC 
FTE 
+ 8 ANT 
FTE 
+ 34 
SSUM 
berths 
 
90 
2 -Prevent/reduce contamination/pollution of: 
local black carbon 
noise pollution 
fuel contamination 
soil compaction 
dust 
Permanent manager in charge of 
finding/implementing solutions per 
national program (+ IAATO), spends half 
their time doing this (0.5FTE) 
 
0.5 OFC FTE * 31 programs (incl 
IAATO) * 83years 
 
1287 
OFC 
FTE 
 
 
50 
3 -Following and updating technological 
development (less pollution, smarter, safer) 
e.g. use drones instead of helicopters 
to collect data or transportation of small 
package between stations 
Huge cost saving potential 
1 FTE for the continent in charge of 
following/testing new technology for 
more efficient transportations (as part of 
the air group CONMAP) 
 
1 OFC FTE * 83years 
83 OFC 
FTE 
 
 
100 
      
6. Manage 
non-
native 
Where possible 
prevent establishment 
of new populations of 
1 -Collate information, undertake gap 
analysis and produce guidelines for baseline 
biodiversity surveys.  
3 OFC FTE 3 OFC 
FTE 
 
100 
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species 
and 
disease 
(85%) 
 
 
non-native species. 
Eradicate, or if not 
possible minimise 
impacts, of 
established non-native 
species 
Target those groups and locations we don’t 
know very much about (cross reference to 
ANTOS survey programs and EGBAM health 
monitoring group). 
 
2 -Biodiversity surveys 
 
Baseline surveys needed to better 
understand distributions and abundance and 
population structure of native species, at an 
appropriate level of taxonomic resolution, 
including better categorising viral, microbial, 
and parasitic communities. 
150 FTE’s across 15 National Programs 
(Approximately 30 sites) across 10 
years: 
 
2 ppl for 3-6 seasons for each broad 
biodiversity group (6 groups) for each 
site (30 sites) = 540 - 1080 FTE (spread 
over 25 years ie start surveys within 10 
years, finish most within 25 years). + 
$50k lab costs /site for processing 
samples 
 
Assume the cost is spread evenly over 
the 25 years: 
 
0.5 * 2 ANT FTE * 6 bio groups * 30 sites 
* 3-6 seasons 
 
2 LSUM berths * 6 bio groups * 30 sites * 
3-6 seasons 
 
+ $50k * 30 sites lab costs 
540 - 
1080 
ANT FTE  
+ 1080 – 
2160 
LSUM 
berths  
+ 
$1.65M 
lab costs 
 
 
60 
3 -Design and implement (and recognise the 
limitations of) a robust invasive species 
recognition framework/ guideline 
0.5 FTE straight up another 0.5 after 
each broad biodiversity group has been 
done (3 FTE in total) over the course of 
the surveys ~20 years (yrs 5 – 25) 
3 OFC 
FTE 
 
 
90 
4 -Research to better understand disease 
pathways (introductions to continent) [as we 
know even less about disease pathways than 
most subjects] 
1FTE for 3 years (ie PhD/Postdoc 
project) 
3 OFC 
FTE 
 
 
95 
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5 -Improve pre-departure biosecurity and 
inspection (cargo, vessel, personnel). 
 
Potentially not relevant for every program 
(some may be considered to be adequate 
after recent facility upgrades/ updates of 
procedures etc) 
0.5 FTE per NAP program each year 
(ongoing), though not all programs need 
one (ie already have one) approx. 20 
programs. Does not include facility 
upgrades 
 
0.5 OFC FTE * 20 * 83 
830 OFC 
FTE 
 
 
50 
6 -Pro-actively engage in order to educate all 
treaty parties and operators. 
 
Probably best done through COMNAP and to 
a lesser extent the CEP. IAATO and many 
programs already doing this. 
Write a WP every two years to 
CEP/COMNAP (0.3 FTE) for next 10 
years, then every five years thereafter 
 
SCAR/COMNAP workshop every 5 
years for next 20 years (@100K each = 
$500K) 
 
(0.3 * 5) + (0.3 * (73/5)) 
6 OFC 
FTE 
+ 500k 
 
 
80 
7 -Compliance monitoring and reporting for 
National Programs. 
 
Could be implemented by the ATS, similar to 
fisheries monitoring by CCAMLR. 
2FTE intially to devise reporting 
guidelines and submit to ATS. 
 
0.2FTE per program per year ongoing 
(6FTE/yr for 30 programs) to undertake 
biosecurity monitoring and reporting. 
 
2 + (6 * 83) 
500 OFC 
FTE  
 
 
20 
8 -Advise and encourage non-IAATO vessels 
to follow biosecurity guidelines. 
 
IAATO already has strict procedures so best 
option is to encourage joining IAATO, failing 
that – dissemination of NNS guidelines to 
parties 
1 FTE per 5 years for 20 years, including 
flights etc (~$40K every 5 years) (have 
someone fly around presenting to and 
meeting with different parties) 
 
1 OFC FTE * 5 
+ $40k * 5 
4 OFC 
FTE + 
200K 
 
 
60 
9 -Designated biosecurity officers stationed 
on IAATO operated vessels 
Assume 30 officers for the season 
(assume 3mths Dec/Jan/Feb) – rotating 
vessels if more than 30 vessels. Assume 
623 ANT 
FTE 
30 
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each person does an average of 3 trips 
per season (@$12.5k berth per trip) 
 
0.25 ANT FTE * 30 people * 83yrs 
+ 30 ppl * 3 IAATO berths @$12.5k  * 
83yrs 
+$93.34
M in 
berths 
 
 
10 -Encourage adoption and implementation 
of Annex 6 
Actively engage with National ATCM 
Delegations to advocate for the Adoption 
of Annex 6– 0.1FTE/yr per program for 
next 5 years 
 
0.1 * 30 * 5 
15 OFC 
FTE 
 
 
85 
11 -Influence Antarctic Treaty System 
 
Influence ATS to implement and improve 
management practices/guidelines, increase 
communication to and between relevant 
policy bodies (CEP, CCAMLR, COMNAP, 
ACAP, SCAR etc) and National Parties. 
Including EIA’s, chemical control, and 
develop consensus around importance of 
microbial biosecurity. 
Workshops (potentially facilitated or 
coordinated by SCAR) to bring together 
appropriate people (could then 
disseminate info to parties etc). One 
workshop straight up, then one every 5 
years for next 20 years. ($100k/wkshp = 
$500 K total) 
500k 
 
 
80 
12 -Establish guidelines for monitoring 
different taxonomic groups and habitats. 
Closely tied into surveys 
3 FTE straight up, and regularly updated 
to incorporate the survey information (ie 
every five years for 25 years) 0.5 FTE 
each time 
 
3 + (0.5 * 5) 
6 OFC 
FTE 
 
 
95 
13 -Monitor for arrival and establishment of 
non-native species according to guidelines. 
Undertake regular monitoring, determine 
whether biosecurity measures are working 
 
Citizen science – take photos and send in to 
experts via a app (targeted at plants and 
0.5 FTE (biosecurity expert) each year 
per NAP field based  ongoing (30 
NAP)  
 
Develop and maintain citizen science 
app and encourage data collation 1FTE 
to establish, 0.2 FTE ongoing 
1245 
ANT FTE 
+ 18 
OFC 
FTE 
50 
230 
 
large inverts), also good way to engage the 
public 
 
0.5 * 30 * 83 ANT FTE 
+ 1 + 0.2 * 83 FTE app 
+ 1 * 30 * 83 LSUM berths  
+ $50k * 30 * 83 lab costs 
+ 2490 
LSUM 
berths 
+ 
$124.5M 
lab costs 
 
 
14 -Develop and implement guidelines for 
preventing the inter and intra-regional 
movement of species via human movement 
(native and non-native).  
Look at past literature to help develop 
guidelines. Include microbes. 
2 years FTE (e.g a PhD/Postdoc project) 
 
2 OFC 
FTE 
 
 
100 
15 -Identify and create an expert advisory 
group through SCAR to provide a rapid 
response to new incursions. 
Utilise expertise within SCAR (primarily 
through SCATS in the first instance) to 
provide advice on response to new incursions 
0.1 FTE ongoing, initial establishment of 
0.3 FTE 
 
0.1 * 83 + 0.3 
 
9 OFC 
FTE 
 
 
100 
16 -Eradicate non-native flora or fauna with a 
small extent. 
Remove non-native vegetation using 
mechanical removal and/or controlled 
chemical removal if occupies small extent. 
Expectation is to remove unless removal 
causes more damage (is greater than minor 
or transitory impacts), in which case: monitor 
0.25 FTE *2 * (80 - 160 Incursions by 
2100) over  83yrs [NOTE: expect rate to 
increase over time] 
2 people for a short summer season 
each time, including eradication and pre-
post assessment 
 
0.25 * 2 ANT FTE * 80-160 
+ 2 SSUM berths * (80 – 160) 
40 – 80 
ANT FTE 
+ 160 – 
320 
SSUM 
berths 
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17 -Eradicate non-native flora or fauna with a 
large extent. 
Remove non-native species using 
containment/controlled chemical removal 
4 FTE *0.25 for 2 seasons (8-16 
incursions) 
Low number of incursions as shouldn’t 
get to this stage if small incursions are 
eradicated (action #15) 
 
16 – 32 
ANT FTE 
+ 64 – 
128 
SSUM  
berths 
40 
231 
 
0.25 * 4 ANT FTE * 2seasons *(8-16)  
+ 4 ppl * 2 seasons * 8 – 16 SSUM 
berths 
 
 
18 -Manage non-native flora or fauna with a 
small area. 
When it is not possible to remove non-native 
species, control species to site of 
establishment and prevent expansion, 
monitor 
Only if can’t be eradicated. 0.5 FTE 
initially (likely specialist) and then 0.2 
FTE ongoing per non-eradicated 
incursion (10-20) (assume half of 
incursions occur before 2050 and half 
after 2050 and occur at an even rate) 
 
 
(0.5FTE * (10-20 incursions)) + (0.2FTE 
* 82yrs * (5-10 incursions)) + (0.2FTE * 
49yrs * (5-10))  
= (5-10) + (82-164) + (49-98) FTE 
 
(0.2 * 82yrs * (5-10 incursions)) + 0.2 * 
49yrs * (5-10 incursions)) 
= (82-164) + (49-98) SSUM berths 
 
Assuming berths can generally be 
accounted for by other station jobs, but 
say 0.2 of the berth cost can be 
accounted for here (calculation above) 
136 – 
272 ANT 
FTE 
+ 131 – 
262 
SSUM 
berths 
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19 -Manage non-native flora or fauna with a 
large area. 
When it is not possible to remove non-native 
species, control species to site of 
establishment and prevent expansion, and 
monitor (may only be possible for flora) 
 
Again, only if can’t be eradicated. 
Hopefully practically non-existent 
Initial 0.5 FTE per incursion and 0.4 FTE 
ongoing for 4-8 incursions, assuming 
half before 2050 and half after (even rate 
of occurrence) 
 
(0.5FTE * (4-8 incursions)) + (0.4FTE * 
82yrs * (2-4incursions))  
+ (0.4FTE * 49yrs * (2-4incursions)) =  
107 – 
214 ANT 
FTE  
+ 105 – 
210 
SSUM 
berths 
 
 
30 
232 
 
(2 – 4) + (65.6– 131.2) + (39.2 – 78.4) = 
106.8– 213.6FTE 
 
(0.4 * 82yrs * (2-4 incursions)) + 0.4 * 
49yrs * (2-4 incursions)) 
= (65.6 – 131.2) + (39.2 – 78.4) berths 
 
Assuming berths can generally be 
accounted for by other station jobs, but 
say 0.4 of the berth cost can be 
accounted for here (calculation above) 
      
7. Manage 
fur seals 
65%  
 
 
Halt the decline in loss 
of terrestrial 
ecosystem extent 
through direct fur seal 
damage/impact at key 
sites  
 
1 -Terrestrial ecosystem assessment (ie 
coastal areas). 
Surveys needed to quantify fur seal impacts 
on habitat (current and future) – choose 
several representative sites across peninsula 
and islands and tie in with remote sensing 
surveys 
3 FTE (6 people in field [3x teams of 2] 
for a summer, and then analyse and 
draft reports) + $50k lab processing 
costs post fieldwork 
 
0.5 * 6 ANT FTE 
+ 6 LSUM berths 
+ $50k lab  
3 ANT 
FTE + 6 
LSUM 
berths + 
$50k lab 
costs 
 
 
80 
2 -Influence Antarctic Treaty System. 
Influence ATS to engage with CCAS 
convention to allow for the management of 
fur seals when necessary to preserve other 
Antarctic biodiversity. 
SCAR members to advocate for 
amendment to CCAS convention to 
National ATS representatives – 
0.1FTE/yr per program for next 5 years 
 
0.1 * 5 * 30 
15 OFC 
FTE 
 
 
20 
3 -Identify suitable sites for active 
management to protect terrestrial 
ecosystems. 
Use remote sensing and existing knowledge 
to locate potential sites and then ground truth 
with a field team 
Identify 1-3 sites for management (every 
5yrs ongoing) – 1 FTE (1person to 
review remote data for 6mths & analyse 
samples, field team of 2 for a short 
summer to ground truth)  
+ high-res satellite images ($1000 per 
site). Assume images needed for 100 
sites initially and another 10 required 
8 OFC 
FTE +  
8 ANT 
FTE + 
34 
SSUM 
berths + 
60 
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every 5 years + $50 field lab costs each 
season 
 
 
0.5 OFC FTE * (83/5yrs) 
+ 0.25 * 2 ANT FTE * (83/5yrs) 
+  2 * (83/5) SSUM berths 
+ $1000 * 100 sites initial imagery 
+ $1000 * 10 sites * (83/5yrs)   
+ $50k lab sample * (83/5yrs) 
$1.1M 
images & 
analysis 
 
 
4 -Develop and implement active 
management plan for suitable sites. 
Including maintenance (eg. fencing) 
0.25FTE per site to develop 
management plan and have it reviewed. 
(1-3 sites every 5yrs, ongoing) 
*current management sites to be 
reviewed every 5yrs 
 
0.25 – 0.75 OFC FTE * (83/5) 
4 – 12 
OFC 
FTE 
 
 
50 
5 -Manage fur seal population and monitor 
effectiveness. 
 
Active management of seal populations, eg. 
fencing, deterrents (develop new technology 
if possible). Monitor effectiveness of active 
management and watch for adverse 
outcomes. 
2.5FTE/site for the 1st summer (10 
people per site to manage the 
population/ build fences) + $100k per 
site 
 
0.5 FTE ongoing for following 4yrs (2 
people/site for a short summer to fence/ 
monitor effectiveness). At which point 
management is reviewed. 
Repeat for next 83yrs, assuming 
minimum of 1 site at all times and 
maximum of 3) + $100k equipment + 
$50k lab costs per season  
 
0.25 * 10 ANT FTE * (1 – 3 sites) * 
83/5yrs 
+ 0.25 * 2 ANT FTE * (1 – 3 sites) * (83-
16.6) yrs  
75 – 224 
ANT FTE 
+ 299 – 
896 
SSUM 
berths 
 + 
$11.6M – 
14.9M 
equipme
nt/lab 
 
 
40 
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+ 10 SSUM berths * (1 – 3 sites) * 
83/5yrs 
+ 2 SSUM berths * (1 – 3 sites) * 66.4 
yrs 
 
+ $100k equipment * (1 – 3 sites) * 
83/5yrs 
+ $150k lab/equipment * 66.4 yrs 
      
8. Protectin
g areas 
(95%) 
 
 
Implement a 
Comprehensive, 
Adequate, 
Representative & 
Efficient (CARE) 
protected area 
network:  
Double the # of 
protected areas by 
2100 (74 ASPA’s 
today) 
1 -Design network using best available 
information and gap analyses, first cut using 
existing data 
3-4 FTE in the initial cut, 1 FTE 
thereafter every 5 years 
 
4 + (83/5) 
21 OFC 
FTE 
 
 
100 
2 -Validate proposed sites (survey - remote 
sensing, visits, emerging technologies with 
low impact), then biodiversity surveys every 5 
years (for 20 years), then once every 10 
years (Action #4) 
3-4 summer season berths, for 3-4 sites, 
+ $50k lab processing costs each 
season + initial high-res remote sensing 
images (50 sites). Validate new sites 
every 5 years for the first 20 years and 
then every 10 years 
 
0.25 * 4 ANT FTE * 4sites * (5 + ((83-
20)/10yrs)) 
 
+ 4ppl * 4sites * (5 + ((83-20)/10yrs)) 
SSUM berths 
 
+  $50k * (5 + ((83-20)/10yrs)) lab costs 
+ 50 * $1000 high-res imagery 
45 ANT 
FTE + 
181  
SSUM 
berths + 
$615K 
lab costs 
 
 
90 
3 -Designate – start with sites known to be 
important using existing knowledge 
Devise Management Plan, present to CEP 
(need to agree) and aggregate into PA 
network management 
3-4 FTEs for first cut, then 1 thereafter 
per each new plan (assume 74 ASPAs 
to double todays number). Assume FTE 
cost is evenly spread over years 2-83. 
 
4 + 73 
77 OFC 
FTE 
 
 
60 
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4 -Monitoring surveys – (remote sensing, 
visits, emerging technologies)  
Visit/Monitor each new site every five 
years for the first 20 years and then once 
every 10years: 2ppl 1 season in the field. 
Assume half have been designated prior 
to 2050 and half after. 
 
 ((0.5FTE * 2ppl) * 37 sites * (4 + (83-
20/10yrs))) +  
((0.5FTE * 2ppl) * 37 sites * (4 + (50-
20/10yrs))) 
 
(2ppl * 37 sites * (4 + (83-20/10))) + 
(2ppl * 37sites * (4 + (50-20/10))) berths 
 
+ $50k * 37 sites * (4 + (83-20/10))) 
+ $50k * 37 sites * (4 + (50-20/10))) lab 
costs 
640 ANT 
FTE + 
1280 
LSUM 
berths  
+ 
$32.005
M lab 
costs 
 
 
50 
5 -Managing PA’s 
Responsibility of all Parties: managing 
people, undertake EIA and check visit reports 
prior to visit, regulate access if required 
Approximately 1 person per national 
program for 6mths to handle 
permitting/checking previous visit reports 
etc for ASPA visits, ongoing.  
 
0.5 * 30 * 83  
1245 
OFC 
FTE 
 
 
50 
6 -Revising (management plans need to be 
revised/resubmitted every 5 years) for 
changes in values etc). If changes required 
report to CEP 
Each plan revised every five years, takes 
6mths per revision. Assume half were 
designated prior to 2050 and half after. 
 
(0.5FTE * 37plans * 83/5) + (0.5FTE * 
37plans * 50/5) 
492 OFC 
FTE 
 
 
90 
      
9. Protecte
d areas 
and fur 
seals  
(80%)  
Double the number of 
PAs in Antarctica by 
2100 and halt decline 
of terrestrial 
ecosystem through fur 
1-All management actions in strategies 7 and 
8 above 
  
 
(Average 
likelihood 
of all 
actions in 
Manage 
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seal impacts at key 
sites 
Fur Seals 
& PAs) 
= 62.7 
      
10. Managin
g and 
protectin
g 
species 
(85% for 
1st aim, 
60% for 
2nd aim) 
 
 
3. Identify and 
protect threatened 
species 
(assume 10 - 15 
species to be 
listed) 
 
4. Prevent extinction 
of native species 
in-situ) 
1 -Red-listing of species workshop and gap 
analyses 
$100,000 (+$100,000 in kind) +0.5 FTE, 
every 10 years 
 
 
$100k * (83/10) + $100k for yr 1 
+ 0.5 OFC FTE * (83/10) + 0.5FTE 
5 OFC 
FTE+ 
$930K 
 
 
95 
2 -Designate specially protected species 
through CEP 
1 yr FTE every 5 years for 20 yrs then 
every 10 years thereafter 
 
1 * 5 + 1 * (63/10) 
11 OFC 
FTE 
 
 
70 
3 -Develop and write recovery plans. 
Include developing decision making and 
management system to be in place in case of 
disease outbreak 
1yr FTE after each red-listing workshop 
(assume 1-2 recovery plans to write 
each time) 
 
1FTE * 9 workshops 
9 OFC 
FTE 
 
 
95 
4 -Apply red list criteria for species 
assessment & engage IUCN to red-list the 
species (in addition to CEP specially 
protected species) 
Engage appropriate NGOs and bodies to 
provide further moral and financial 
support (pressure). 2FTE plus travel 
costs 
2 OFC 
FTE + 
100K 
 
 
85 
5 -Influence Antarctic Treaty System Influence ATS to develop in-situ 
management guidelines and polices. 
 
See calculations for ‘influence ATS’ in: 
‘manage non-native species and 
disease’ strategy 
$500k 
 
 
80 
6 -Baseline biodiversity surveys Surveys needed to better understand 
current and historical distributions and 
trends of native species to feed into EIA 
and the decision to manage native 
540 - 
1080 
ANT FTE  
+ 1080 – 
2160 
60 
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species (can help identify species at 
risk). 
NOTE: a lot of the actions kick off in yr1, 
so surveys should be starting by the time 
first recovery plans are being developed 
etc. 
 
See calculations for ‘baseline surveys’ in 
‘manage non-native species & disease’ 
LSUM 
berths  
+ 
$1.65M 
lab costs 
 
 
7. EIA for species translocations, ex-situ 
conservation and management (must 
consider impacts on other species etc) 
Risk and feasibility assessment of 
species at risk and whether species 
could benefit from in/ex-situ conservation 
(similar to invasive species risk 
management) and whether other native 
species would be impacted 
 
Field surveys carried out in action #6, 
additional 6mths of desktop work to 
undertake the EIA for each recovery 
plan. 
 
0.5FTE * (10-15) species 
5 – 8 
OFC 
FTE 
 
 
65 
8 - Protect and monitor species of concern 
according to recovery plan 
 
(actions #8 -#12 are implementing the 
recovery plan) 
Including monitoring. This may include 
explicit management of native species 
that are impacting on the species of 
concern. CEP has precedence for 
protocols and costs of implementing 
recover plans. Means for protecting if 
affected outside the region, e.g. birds 
ACAP.  
 
Initially - 0.5 FTE per listed species of 
desk work (working with CEP and NP’s 
to ensure adequate international 
5 – 8 
OFC 
FTE + 
133 – 
200 ANT 
FTE  
+ 532 – 
798 
SSUM 
berths 
+ 
$6.65M – 
70 
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recognition of protection/ restriction to 
sites in some cases)  
Every 5 years – 4 ppl for a short season 
to monitor populations (assume half the 
species listed before 2050 and half after) 
 
0.5 OFC FTE * (10 – 15species)  
 
0.25 ANT FTE * 4ppl * (5 – 7.5species) * 
(83/5yrs) + 
0.25FTE * 4ppl * (5 – 7.5species) * 
(50/5yrs) 
= (83 – 124.5) + (50 – 75)  
= 133 – 200 ANT FTE 
 
+ 4ppl * (5 – 7.5spec) * (83/5yrs) + 
4ppl * (5 – 7.5spec) * (50/5yrs) 
= (332 – 498) + (200 – 300)  
= 532 – 798 SSUM berths 
 
+ $50k * (5 – 7.5spec) * (83/5yrs) + 
$50k * (5 – 7.5spec) * (50/5yrs) 
= ($4.15M – $6.225M) + ($2.5M - 
$3.75M) 
= $6.65M - $9.975M lab costs 
 
$9.975M 
lab costs 
 
 
9 -Managed translocations 
 
 
Assume 1-5 translocations undertaken in 
the next 83yrs. 
1FTE per species to research 
appropriate translocation sites and 
transportation methods, field team of 
anywhere between 2 (plants or inverts) – 
10 (charismatic megafauna) field 
personnel to undertake the translocation 
for 1 season. + intracontinental flight per 
1 – 5 
OFC 
FTE + 
1 – 13 
ANT FTE  
+ 2 – 50 
SSUM 
berths 
40 
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species (assume shipping is too slow for 
megafauna), though inverts/plants may 
be moved within operating distance of 
the program (ie. may not need a flight). 
Monitoring of new population already 
included in prior action. 
 
1 OFC FTE * (1 – 5translocations))  
 
+ 0.25 season * (2 – 10FTE) * (1 – 
5translocations))  
= 1 – 13 ANT FTE 
 
+ (1 – 5translocations) * (2 – 10ppl) 
SSUM berths 
 
+ $28k * (1 – 5) intracontinental flights  
+ ($5k – $50k) * (1 – 5 translocations) 
equipment costs per species 
+ $5k - 
$250k 
equipme
nt  
+ $28k - 
$140k 
intraconti
nental 
flights 
 
 
10 -Ex-situ conservation- assume re-
introduction to Antarctica  
Captive breeding for charismatic species with 
a disease outbreak, e.g. Adélie penguins, 
seals, snow petrels, greater sheathbill may 
be at risk 
 
 
Cost using a range (eg. small and large 
habitat requirements or small or large 
bird. 
Cost of implementation can be derived 
using cases of orange bellied parrots 
and Tassie devils. Assume 1-5 cases of 
ex-situ conservation 
 
Estimated as below using Tassie Devils: 
 
2 FTE per species to examine EIA of 
implementing ex-situ conservation 
(action #7), organising transportation 
and plans with captive locations, 
proposing it to CEP and having it 
accepted (whilst it may be 2FTE time, it 
3 – 15 
OFC 
FTE + 
5 – 25 
ANT FTE 
+ 
+ 20 – 
100 
SSUM 
berths 
+ $350k 
– $1.75M 
interconti
nental 
flights 
60 
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needs to happen rapidly – maybe a team 
of 6 for 4 months). Operating budget of 
100k assuming flights and meetings 
needed with potential ‘receivers’, eg. 
aquariums/herbariums/etc. 
Plus 1 FTE to plan and prepare the 
reintroduction post disease. 
 
Similar costs for ‘translocating’ species 
as above in translocation, though inter-
continental flight (not intra-continental) 
and as we are only talking megafauna - 
no ‘low cost’ option for plants/inverts for 
reintroductions  
 
+ cost of maintaining the species ex-situ 
for 5 years (assuming disease outbreak 
has ended and they can be safely 
reintroduced within that time).  
According to the ‘Save the Tasmanian 
Devil Program’ they estimate 
establishing and maintaining an 
insurance population (spread out at 
multiple places [zoos] around Australia) 
is $2.1M/annum. 
(http://www.tassiedevil.com.au/tasdevil.n
sf/file/82C18864F5819337CA2576CB00
11569B/$file/STDP_Business_Plan_201
0-13_%28Nov_2010%29.pdf). Breeding 
and reintroducing Californian Condors is 
estimated at $2M USD/yr 
http://articles.latimes.com/1997/sep/14/m
agazine/tm-33219/2  
 
3 OFC FTE * (1 – 5 events) 
+ $150k 
- $750k 
(equipme
nt/operati
ng) 
+ $12.25 
– 
$61.25M 
captive 
breeding 
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+ 0.25 * 10ppl * 2 (collection and then re-
establishment) * (1 – 5 events) ANT FTE  
 
+ (1 – 5) * 10 * 2 SSUM berths 
 
+ $175k * (1 – 5) * 2 inter-continental 
flights 
 
+ $100k operating budget + $50k 
equipment * (1 – 5)  
+ $2.45M * 5yrs * (1 – 5) for captive 
populations 
11 -Seed banks, spores, tissue culture, 
drying/preserving by low temps for plants - for 
threatened species (and all endemic species 
if funds available) 
Millennium seedbank of sub-Antarctic 
plants provides a precedent for this 
action, need analysis to find out where 
samples are. Most costs would be 
logistics of collecting samples. Some 
costs for storage. 
 
Estimated based on field season costs 
for 5-10 events/occurrences, assume 
storage costs are free/in-kind at 
participating institution/Millennium 
seedbank, + planning & preparation 
(1FTE per event) 
 
1 OFC FTE * (5 – 10 events) 
 
+ 0.25 * 2 ANT FTE * (5 – 10)) 
 
+ 2ppl * (5 – 10 events) SSUM berths 
+ $1k equipment costs per event 
 
5 – 10 
OFC 
FTE 
+ 2.5 – 5 
ANT FTE 
+ 10 – 
20 
SSUM 
berths  
+ $5k - 
$10 
equipme
nt 
+ $20k - 
$100k 
tissue 
culture 
costs 
 
 
80 
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+ additional cost if tissue culture required 
prior to preserving in low temps, 
estimate 1-5 events require tissue 
culture. Cost estimate used for Azorella 
macquariensis dieback project in 2011 
was $20k: 
(http://gardens.rtbg.tas.gov.au/wp-
content/uploads/2015/12/RTBG-Annual-
Report-2012-full.pdf) 
 
$20k * (1 – 5 events) 
12 -Cultures and soil samples for simple 
organisms – communities rather than 
threatened species 
Assume same field costs & in-kind 
storage as collecting for seedbanks + 
ongoing FTE to maintain cultures 
(0.1FTE ongoing). Assume half the 
samples collected pre 2050 and half 
after. 
 
Prepare: 
1 OFC FTE * (5 – 10 occurrences)  
Field: 
+ 0.25 * 2 ANT FTE * (5 – 10) 
Maintain:  
+  [0.1 * (2.5 – 5) * 83] + [0.1 * (2.5 – 5) * 
50] = 20.75 – 41.5 + 12.5 – 25 = 33.25 – 
66.5 OFC FTE 
 
+ 2 * (5 – 10) SSUM berths 
 
+ $1k equipment per event  
39 – 77 
OFC 
FTE +  
2.5 – 5 
ANT FTE 
+ 
10 – 20 
SSUM 
berths + 
$5k - $10 
equipme
nt 
 
 
80 
13 – Revise Recovery Plans Revisions of recovery plans needed 
every 5yrs to ensure recent information 
is incorporated and management 
strategy is optimal. 0.2FTE required per 
13 – 20 
OFC 
FTE 
 
 
70 
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round of revisions (likely 1-2 recovery 
plans each time). 
 
Assume half of species designated pre 
2050 and half after: 
 
0.1FTE * (5 – 7.5 species) * (83/5yrs) 
+ 0.1FTE * (5 – 7.5 species) * (50/5yrs) 
= (8.3 – 12.45) + (5 + 7.5) 
      
11. Modify 
human 
behaviour 
(95%) 
 
 
Prevent / improve / 
minimise physical 
impact of human 
activity on biodiversity 
and its habitat 
compared to current 
levels 
 
1 -Enhance training & education for all (i.e. 
researchers, tourists, operators & military) - 
do existing better & introduce new  
 
 
One overall champion to set standards, 
develop new training material, motivate 
& coordinate (1 FTE) + initial workshop 
involving 50 people + annual Train the 
Trainer course.  Estimate 4,000 
participants in course pa & 45,000 
tourists (at no cost). Ongoing 0.5FTE to 
coordinate. 
 
Assume training course is online and 
requires 10hrs to be produced initially 
and is then revised every 3yrs at a cost 
of producing 1 additional hour each time: 
*A study by Chapman et al. 2010 found 
an hour of e-learning costs ~10k to 
produce (details: 
https://raccoongang.com/blog/how-
much-does-it-cost-create-online-
course/). 
 
1 OFC FTE + 0.5 OFC FTE * 82yrs  
+ $200k large workshop 
+ $10k * 10hrs initially = $100k 
+ $10k * (83/3yrs) = $277K 
42 OFC 
FTE + 
$200k 
large 
worksho
p + 
$377k for 
online 
course 
develop
ment 
 
 
60 
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2 -Better enforce trainer & trainee 
requirements as defined in existing provisions 
Low resource requirement, more about 
political will = minor additional admin 
load for key players  
 
Minor load of 1FTE pa spread over all 
programs 
 
1FTE * 83yrs 
83 OFC 
FTE 
 
 
45 
3 -Improve quality of, and adherence to, 
Environmental Impact Assessments (i.e. 
independent delivery, incorporate global best 
practice including new technology) 
Undertake strategic environmental 
assessment (1 large workshop to 
develop common framework (above 
existing country-specific ones) & appoint 
credible third party champion (1FTE + 
50k travel) to promote and review EIA 
process every 5yrs 
 
$200k large workshop + 
1 FTE * (83/5yrs) 
+ $50k * (83/5yrs)  
17 OFC 
FTE + 
$1.03M 
 
 
20 
4 -Establish independent audit mechanism 
for EIAs to encourage reliable adherence 
Adopt a 'sample' audit regime (say 10%) 
with preference to use fully-independent 
auditors - allow $100k per audit  
 
No info on number of audits, estimate 1 
every 2yrs? Assume mechanism was 
described and agreed on in action #3 
 
(83/2) * 100k 
$4.2M 
 
 
15 
5 -Commence high-accuracy recording of all 
human movements (possibly as part of an 
Antarctic passport) 
Assume everyone going into field has a 
GPS - allow $50 per unit x 50,000 
people deployed over 5yrs + 0.25 FTE to 
centrally capture & process data 
 
0.25 OFC FTE * 83yrs 
+ 50 * $50k 
21 OFC 
FTE 
+$2.5M 
trackers 
 
 
15 
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6 -Optimise size of parties visiting Antarctica 
(links with action #1) 
Nil cost - all about political will 0 
TOTAL 
$0 
15 
7 -Make better use of technology (e.g. less 
invasive, smaller scale, remote work, remote 
sensing / mapping, GPS tracking) 
Allow for biennial symposium/conference 
tied-in with SCAR Conference (=$100k 
pa + 0.5 FTE) & encourage input from 
both vendors & innovative users from the 
Antarctic community. Potential to engage 
technology providers to make sales 
pitches.  Implement new technologies in 
each program, assuming any costs 
should theoretically be more than 
covered by associated savings / 
efficiency gains. 
 
+ $100k * (83/2) workshops 
+ 0.5 * (83/2) FTE 
9 OFC 
FTE 
+ 
$4.15M 
 
 
80 
8 -Increase transparency of actual 
performance (e.g. publish audit results, 
explain position taken in relation to relevant 
recommendations) 
Prepare an annual performance report - 
assume funded by money from the 
relevant Policy action(s) 
 
0.5 FTE * 83yrs 
42 OFC 
FTE 
 
 
10 
      
12. Policy 
influence 
(5% - 5 
years), (45% 
- 30 years) 
  
 
 
Minimise or reduce 
impacts of threats on 
Antarctic biodiversity 
that originate 
externally (assume 
keep to Paris 
Agreement - 
<2degrees warming)  
1 -Better engage with key inter government 
processes (e.g. UNEP, BBNJ, CBD, IPCC, 
Stockholm Convention) to highlight impacts 
of external threats  
Direct communication via representative 
(SCAR) nominated by the Parties – 
0.1FTE/yr ongoing 
+ 20k travel/operating costs/yr 
+ 5k graphic designer & printing /yr 
 
0.1FTE * 83yrs 
25k * 83yrs 
8.3 OFC 
FTE 
+ $2.1M 
 
 
10 
2 -Raise public awareness of impacts of 
external threats on Antarctic biodiversity 
(public engagement increases political 
- 0.5FTE communication officer 
ongoing (coordinator) 
- 2FTE equivalent of time across 
all parties to contribute to 
97 OFC 
FTE + 
21 ANT 
FTE + 
70 
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will/energy to “do something”). Increase 
media coverage (take Arctic as inspiration) 
communicating information every 
3 years 
- operating costs – 40k/yr 
translation, 100k/yr production of 
video/other mediums cost, 
support production (host 3ppl * 1 
short season) every 3 years 
 
0.5 * 83 OFC FTE 
+ 2 * (83/3) OFC FTE 
+ (40k + 100k) * (83/3) 
+ 0.25 * 3 ANT FTE * (83/3) 
+ 3 SSUM berths * (83/3) 
+ 83 
SSUM 
berths 
+ 
$3.87M  
 
 
3 -Increase general public personal 
connection with Antarctic biodiversity (e.g. 
totem concept)  
Mostly supported by action #2, but 
increase budget for following: 
- 150-200k/5yr to design and 
produce teachers resource 
activities book and distribute 
widely  
- 50k per year for competition 
(prize is trip on tourist ship) to 
raise awareness 
 
$200k * (83/5) 
+ 50k * 83yrs 
$7.5M 
 
 
60 
4 -Raise public awareness of actual 
implementation of existing provisions 
(covered by previous actions, no new 
cost) 
0 
 
15 
      
13. All 
except 
policy 
influence 
 
 All management strategies except policy 
influence 
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14. All 
combined 
 
 All management strategies    
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Appendix 5.5 | The scale used by Antarctic Priority Threat Management 
workshop participants/experts to estimate the feasibility of each management 
strategy.  
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100%
85
75
50
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15
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Appendix 5.6 | The online assessment tool used by experts to estimate the 
benefits of applying various management strategies to Antarctic biodiversity 
by 2100. For each question, experts provided a upper bound, best guess, and lower 
bound for biodiversity intactness values and confidence that the true value would fall 
within the range of the lower to upper bound. They could also provide comments or 
identify sources of uncertainty in their estimates (shortfalls). 
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Appendix 5.7 | The Seven (8) Shortfalls of Biodiversity Knowledge as defined 
by Hortal et al. 2015, with the addition of an 8th strategy (Galilean).  
 
Shortfall Aspects of Biodiversity Definition 
Linnean Species Most of the species on Earth have not been 
described and catalogued (Brown & 
Lomolino 1998); this concept can be extended 
to extinct species  
Wallacean Geographic 
distribution 
 
Knowledge about the geographic distribution of 
most species is incomplete; it is inadequate at 
all scales most of the time (Lomolino 2004) 
Prestonian Populations Data on species abundance and population 
dynamics in space and time are often scarce 
(Cardoso et al. 2011) 
Darwinian Evolution Lack of knowledge about the tree of life and 
the evolution of species and their 
traits (Diniz-Filho et al. 2013) 
Raunkiæran Functional traits and 
ecological functions 
Lack of knowledge about species’ traits and 
their ecological functions  
Hutchinsonian Abiotic tolerances Lack of knowledge about the responses and 
tolerances of species to abiotic 
conditions (i.e., their scenopoetic niche; 
discussed in this review, redefined from 
Cardoso et al. 2011) 
Eltonian Ecological interactions Lack of knowledge on species’ interactions and 
these interactions’ effects on individual survival 
and fitness  
Galilean Technology The data is available but we don’t have the 
technology or understanding to use them (or 
the technology is available, but we haven’t 
applied it yet) – Chown et al. 2017 
Hortal et al. 2015. Seven shortfalls that beset large-scale knowledge of biodiversity 
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Appendix 5.8 | Expected biodiversity benefit included in two Antarctic Priority 
Threat Management analysis: Analysis 1 is capped at today’s intactness value and 
excludes the benefit of strategies when the features intactness is expected to 
increase beyond today’s 100% value, Analysis 2 includes all expected benefit, 
regardless of whether the feature is predicted to increase beyond 100% intactness. 
In scenario a) the feature is not expected to increase beyond 100% even with 
management strategy (all benefit included in Analysis 1 and Analysis 2), b) the 
feature is expected to increase beyond 100% under the future baseline and will 
increase still further with a management strategy (no benefit is included in Analysis 
1, all benefit is included in Analysis 2), c) the feature is predicted to increase beyond 
todays 100% intactness when a management strategy is applied (partial benefit is 
included in Analysis 1, all benefit is included in Analysis 2). 
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Appendix 5.9 | Average expert intactness values and expected strategy benefits for Antarctic features at the end of the 
century under a baseline and 13 management strategies. 
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Appendix 5.10 | The three most beneficial management strategies for 38 Antarctic 
biodiversity features under climate forcing scenario RCP4.5, excluding the ‘All 
strategies combined’ and ‘All strategies combined excluding policy influence’ strategies as 
they are, by definition, always the most beneficial. If two or more strategies were equally 
beneficial then they are both labelled with 1, 2, or 3. The values in this table exclude 
benefits when a feature is expected to increase beyond todays (100%) intactness values 
(if a feature only has benefits beyond 100% no strategies have been identified). 
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Adelie Penguins 3 2 1
Antarctic shag 1 2 1
Bank-forming Mosses 2 2 1 1 2
Biological soil crust communities 1 1 1 1
Chinstrap Penguins 2 1 3
Colobanthus quitensis
Crustose lichens
Deschampsia antarctica
Dry soil microbial communities 1
Emperor Penguins 3 3 2 1
Entomobryomorpha springtails 1 3 2
Freshwater nems,rotis,tardis 2 2 1
Freshwater or Limnetic algae 1 1 1 1 1 1 1 1
Fruiticose & Foliose lichens
Gentoo Penguins 2 2 1
Greater sheathbill 1 2 3
Hydric Mosses
Intertidal enchytraeids and 
oligochaetes
Intertidal mites
Intertidal springtails
Leafy Liverwort 3 3 3 3 3 2 1
Lithic microbial communities 1
Mat-forming terrestrial algae
Mesic Mosses
Microbial mats
Midges 1 2 2
Poduromorpha springtails 2 1 2
Procellariids 2 1 2 1
South Polar Skuas
Southern giant petrels 3 3 2 1
Terrestrial, dry soil nematodes 3 2 1
Terrestrial, free-living mites
Moss associated nems,rotis,tardis 3 2 1
Penguin rookery associated 
nematodes 2 3 1
Wet soil nems,rotis,tardis 1 2
Truly aquatic mosses
Wet soil microbial communities
Xeric Mosses 3 3 3 3 3 2 1
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Appendix 5.11 | The three most beneficial management strategies for 38 Antarctic 
biodiversity features under climate forcing scenario RCP8.5, excluding the ‘All 
strategies combined’ and ‘All strategies combined excluding policy influence’ strategies as 
they are, by definition, always the most beneficial. If two or more strategies were equally 
beneficial then they are both labelled with 1, 2, or 3. The values in this table exclude 
benefits when a feature is expected to increase beyond todays (100%) intactness values 
(if a feature only has benefits beyond 100% no strategies have been identified). 
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Adelie Penguins 3 2 1
Antarctic shag 1 1 1
Bank-forming Mosses
Biological soil crust communities 1 1 1 1
Chinstrap Penguins 1 2 1
Colobanthus quitensis
Crustose lichens
Deschampsia antarctica
Dry soil microbial communities 1
Emperor Penguins 3 3 2 1
Entomobryomorpha springtails 1 2 3
Freshwater nems,rotis,tardis 2 2 1
Freshwater or Limnetic algae 1
Fruiticose & Foliose lichens
Gentoo Penguins 3 2 1
Greater sheathbill 1 1 2
Hydric Mosses
Intertidal enchytraeids and 
oligochaetes 1
Intertidal mites
Intertidal springtails
Leafy Liverwort 3 3 3 3 3 2 1
Lithic microbial communities 1
Mat-forming terrestrial algae
Mesic Mosses
Microbial mats
Midges 2 2 1
Poduromorpha springtails 2 1 3
Procellariids 3 3 2 3 3 3 1
South Polar Skuas
Southern giant petrels 2 3 3 3 1
Terrestrial, dry soil nematodes 2 3 3 1
Terrestrial, free-living mites
Moss associated nems,rotis,tardis 3 2 1
Penguin rookery associated 
nematodes 2 3 1
Wet soil nems,rotis,tardis 2 1
Truly aquatic mosses
Wet soil microbial communities
Xeric Mosses 3 3 3 3 3 2 1
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Appendix 5.12 | Total expected benefits of 13 management strategies for Antarctic 
biodiversity at the end of the century compared to the baseline; including benefits 
when a feature is expected to increase beyond todays (100%) intactness values. The 
lower carbon forcing scenario RCP2.6 is used for the Policy Influence and All Strategies 
Combined strategies instead of RCP4.5 or 8.5, because an outcome of the Policy 
Influence strategy is that carbon emissions are reduced. 
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Appendix 5.13 | Evaluation of key management strategies for Antarctic biodiversity 
under two climate forcing scenarios (RCP4.5; RCP8.5); estimated net present value, 
estimated feasibility, total estimated benefit (including benefits when a feature is expected 
to increase beyond todays (100%) intactness values), and ranked according to cost-
effectiveness. The lower carbon forcing scenario RCP 2.6 is used for the Policy Influence 
and All Strategies Combined strategies instead of RCP 4.5 or 8.5, because an outcome of 
the Policy Influence strategy is that carbon emissions are reduced (therefore the values 
are the same in both columns). 
 
 
 
 
  
 RCP4.5 RCP8.5 
Strategy 
NPV  
($AUD 
M) Feasibility Benefit Rank Benefit Rank 
Modify Human Behaviour 17.39 0.31 302.54 1 159.88 1 
Transport Management 52.00 0.72 199.91 2 199.00 2 
Policy Influence 14.97 0.12 178.18 3 178.18 3 
Protecting Areas 181.33 0.70 365.01 4 233.13 4 
Combined: PAs & Fur Seals 220.48 0.51 404.85 6 269.30 5 
Manage New Infrastructure 325.86 0.63 220.10 8 199.02 6 
Remediation 220.59 0.54 154.31 9 150.60 7 
Manage Non-natives and 
Disease 846.97 0.59 477.30 10 503.69 8 
Manage and Protect Species 361.25 0.53 345.88 7 222.49 9 
Manage Fur Seals 45.99 0.33 142.72 5 28.75 10 
All Strategies Combined 3296.47 0.51 782.06 11 782.06 11 
All Strats Combined excl PI 3281.51 0.55 570.70 12 572.92 12 
Manage Existing Infrastructure 1730.70 0.59 147.66 13 132.14 13 
Baseline 0.00 1.00 0.00 14 0.00 14 
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Appendix 5.14 | The three most cost-effective management strategies for 38 
Antarctic biodiversity features under climate forcing scenario RCP4.5. The values in 
this table are based on a discount rate of 2% and exclude benefits when a feature is 
expected to increase beyond todays (100%) intactness values (if a feature only has 
benefits beyond 100% no strategies have been identified).   
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Adelie Penguins 2 3 1
Antarctic shag 1 2 3
Bank-forming Mosses 2 3 1
Biological soil crust communities 2 3 1
Chinstrap Penguins 2 3 1
Colobanthus quitensis
Crustose lichens
Deschampsia antarctica
Dry soil microbial communities 1 2
Emperor Penguins 2 3 1
Entomobryomorpha springtails 3 1 2
Freshwater nems,rotis,tardis 2 3 1
Freshwater or Limnetic algae 3 1 2
Fruiticose & Foliose lichens
Gentoo Penguins 1 2 3
Greater sheathbill 2 3 1
Hydric Mosses
Intertidal enchytraeids and 
oligochaetes
Intertidal mites
Intertidal springtails 1
Leafy Liverwort 2 1 3
Lithic microbial communities 1 2
Mat-forming terrestrial algae
Mesic Mosses
Microbial mats
Midges 1 2 3
Poduromorpha springtails 2 1 3
Procellariids 3 2 1
South Polar Skuas
Southern giant petrels 2 1 3
Terrestrial, dry soil nematodes 3 2 1
Terrestrial, free-living mites
Moss associated nems,rotis,tardis 3 2 1
Penguin rookery associated 
nematodes 3 2 1
Wet soil nems,rotis,tardis 3 2 1
Truly aquatic mosses
Wet soil microbial communities
Xeric Mosses 2 1 3
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Appendix 5.15 | Shortfalls identified per group that limit understanding and 
assessment of 38 groups of Antarctic biodiversity. 
 
Group Darwinian Eltonian Gallilean Hutchinsonian Linnean Prestonian Raunkioren Wallacean 
Adélie penguins ✓ ✓ ✓ ✓  ✓  
Antarctic shag  ✓    ✓  
Bank-forming 
mosses  ✓  ✓ ✓ ✓ ✓ ✓
Biological soil crust 
comm.  ✓  ✓ ✓ ✓  ✓
Chinstrap penguins ✓ ✓    ✓  
Colobanthus 
quitensis  ✓  ✓  ✓  ✓
Crustose lichens ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Deschampsia 
antarctica  ✓  ✓  ✓ ✓ ✓
Dry soil microbial 
communities ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Dry soil nematodes  ✓  ✓  ✓  ✓
Emperor penguins ✓ ✓  ✓  ✓  
Entomobryomorpha 
springtails  ✓  ✓  ✓ ✓ ✓
Free-living mites  ✓  ✓ ✓ ✓  ✓
Freshwater 
nems,rotis,tardis ✓ ✓  ✓ ✓ ✓  ✓
Freshwater or 
limnetic algae ✓ ✓  ✓ ✓ ✓  ✓
Fruiticose & foliose 
lichens ✓ ✓    ✓  ✓
Gentoo penguins  ✓  ✓  ✓  
Greater sheathbill  ✓    ✓  
Hydric mosses ✓ ✓  ✓ ✓ ✓ ✓ ✓
Intertidal 
enchytraeids and 
oligochaetes  ✓  ✓ ✓ ✓ ✓ 
Intertidal mites  ✓  ✓ ✓ ✓  ✓
Intertidal springtails        
Leafy liverwort ✓ ✓  ✓ ✓ ✓ ✓ ✓
Lithic microbial 
communities    ✓    
Mat-forming 
terrestrial algae  ✓ ✓ ✓ ✓ ✓ ✓ ✓
Mesic mosses ✓ ✓  ✓  ✓ ✓ ✓
Microbial mats 
(lake and flush) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Midges  ✓  ✓  ✓  ✓
Moss associated 
nems,rotis,tardis  ✓  ✓ ✓ ✓ ✓ ✓
Penguin rookery 
assoc. nematodes        
Poduromorpha 
springtails  ✓  ✓  ✓ ✓ ✓
Procellariids ✓ ✓    ✓  ✓
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South polar skua  ✓    ✓  
Southern giant 
petrels  ✓  ✓  ✓  
Truly aquatic 
mosses ✓ ✓    ✓  ✓
Wet soil microbial 
comm. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Wet soil 
nems,rotis,tardis ✓ ✓  ✓ ✓ ✓  ✓
Xeric mosses ✓ ✓  ✓ ✓ ✓ ✓ ✓
TOTAL 17 35 6 29 17 35 15 26 
 
